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A REVIEW OF THE RELATION BETWEEN PHYSICS 
AND GEOLOGY IN PETROLEUM EXPLORATION* 


J. C. KARCHERt 


In any field of research, as soon as the fullness of knowledge pecul- 
iar to that field approaches the capacity of the individual for such 
knowledge, the individual in pursuing further researches in that field 
begins to specialize. The specific fields of physics and geology have 
increased in such magnitude that the mastery of branches of them 
requires the lifetime of the individual. Many scientists have been 
obliged to devote so much time to one single branch of science that 
they have sacrificed a knowledge of the science as a whole. We see the 
student of paleontology specializing in the field of geology, and the 
student of atomic structure specializing in the field of physics. 

Because of the vastness of the fields of physics, chemistry, geology, 
biology, et cetera, in order to become an outstanding worker in his 
chosen science the pure scientist proceeds from choice to specialize. 
He is usually an introvert, or tensor, by nature, and he soon becomes 
a sort of mole, patiently digging in his own chosen direction much to 
the exclusion of other thoughts and interests. He usually is not greatly 
concerned with the question of time spent on his endeavor and would 
perhaps scoff at any question as to the efficiency with which his re- 
searches are conducted. 

Before proceeding further I wish to differentiate between the re- 
search worker and the worker in the field of applied science. For sake 
of brevity, I shall designate the latter as an engineer and the former 
as a pure scientist. In the first category I would place the research 
physicist and the paleontologist, and in the second category I would 
place the electrical engineer, the mechanical engineer, the petroleum 


* Retiring Presidential Address delivered at the Joint Annual Meeting of the 


Society and the A.A.P.G., March 17, 1938, New Orleans, La. 
t Geophysical Service, Inc., Dallas, Texas. 
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geologist, and the exploration geophysicist, along with many others. 

When we enter the field of applied science, the situation is some- 
what altered. 

The engineer, in attempting to apply a science, finds himself in 
an entirely different position. He is continually faced with the primary 
requirement that the attainment must justify the effort. This fact 
is axiomatic throughout his work, and consequently guides and con- 
trols his every move, leaving very little to choice. Time required for 
accomplishment and efficiency are all important. 

Furthermore, when the engineer undertakes, or is assigned, a task, 
he must possess an understanding—or be prepared to grasp some 
knowledge—of other sciences related to that field of science in which 
his undertaking, or assigned task, originated. He is obliged to follow 
the natural trail of his endeavor and not the chosen one, because (let 
us not forget) the attainment must justify the effort. Thus the 
engineer has neither time nor opportunity to humor himself. 

Obviously, the engineet is an extrovert by nature. He should have 
a natural aptitude for broadening his knowledge, and be quick to 
grasp at any scientific knowledge or information which may appear 
to be useful to him. 

I will sum up by saying that the pure scientist specializes by 
choice, and consequently narrows his perspective; whereas, the engi- 
neer—since his attainments must justify his efforts—of necessity 
must broaden his viewpoint and must possess a wider grasp of the 
scientific field as a whole in order that he may proceed with assurance 
where his trail of endeavor may lead in its natural course toward 
accomplishment. 

Now let us see what this discourse has to do with the relation of 
the geologist and the physicist as to their individual behavior, and to 
geology and physics in the broad sense for the best solution of an 
engineering problem of great interest to us; namely, exploration for 
new oil fields. 

A brief review of the history of the sciences is pertinent. 

Because of the lack of both observational and experimental data, 
the physical sciences were slow to develop when compared with the 
development of the sciences of philosophy and mathematics. The 
Greeks and Arabs provided us with great philosophers and mathe- 
maticians, but probably with only one man who might be classed 
as an outstanding physicist. 

The early formative period of the physical sciences which consisted 
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of observing natural phenomena was the result of the natural curiosity 
of mentally active individuals. Certain interesting phenomena of na- 
ture were observed to occur, and to occur in repetition. History shows 
that the first procedure in such instances was an effort on the part 
of the student to attempt an elaborate explanation of the cause of 
such occurrences, the explanation often being extended far beyond the 
range of physical observation, and into the realm of mythology and, 
later, religion. 

This phase of development of the formative period of a science 
is well illustrated in the writings of Plato. 

The limited usefulness of such facts and conclusions lead to the 
second formative period of a science which may be designated the 
classification stage. This period, in the case of geology, consisted in 
gathering, identifying and classifying various earth formations. The 
most interesting of these were at first the various metal bearing, 
or ore bearing, rocks. Subsequently, fossils, both of flora and fauna, 
began to be recognized and their collection and classification followed. 
Even in the classification stage, some evidence of mythological ex- 
planation has been found. The collection of minerals is probably as 
old as civilization itself. The classification of rocks as a means of 
identifying formations of similar age as they occur in various parts 
of the earth’s crust, is of course, a much more recent endeavor in the 
field of geology. Milne and other early workers saw the necessity for 
collecting data to aid in a kind of classification work with reference to 
earthquakes. 

In the history of the physical sciences, such as physics and chemis- 
try, we observe rather long periods in the first stage of development 
followed by more or less shorter periods in the second, or classification 
stages. In the history of the development of geology, biology, and their 
kindred sciences, the classification periods were of long duration and 
of great importance. 

In the early history of geology and physics we find that the men 
of science usually acquainted themselves, more or less, with the entire 
field. The extent of the field of knowledge and the amount of informa- 
tion then available were still so limited that it was entirely possible 
for students and scholars to acquaint themselves with the entire field 
of science with reasonable success. 

As a consequence, we find that such early workers as Leonardo da 
Vinci possessed a thorough understanding of physics and chemistry, 
as well as mathematics. Also, in his various writings da Vinci offered 
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comments on astronomy. He was a master construction engineer. 
Likewise, he had as good idea of the nature of fossils as anyone of 
his time. 

Nicolaus Copernicus, who discovered that the earth revolved 
around the sun, was one of the greatest astronomers. He was likewise 
an outstanding physicist of his time, and may also be counted among 
the geologists of the period. 

Johannes Kepler, the astronomer and physicist, contributed to 
geology, his outstanding contribution to astronomy being the Kepler 
Laws. 

Up until the eighteenth century, about the only phase of the 
physical sciences which had reached a sufficient degree of under- 
standing and perfection to admit of industrial usage was statics— 
the mechanics of bodies at rest. It was known how to calculate stresses 
in structural members of buildings, bridges, aqueducts, ships, et 
cetera. As a consequence,, the architect and construction engineer 
were the first, or among the first, of the professional engineers. The 
development of this phase of mechanics was mostly mathematical 
and required little experimentation. 

Other phases of mathematics had progressed considerably up to 
the end of the seventeenth century. 

. Galileo had discovered the law of falling bodies; Copernicus had 
correctly discovered the nature of the earth’s motion with reference 
to the sun; Kepler had evolved his well known laws of planetary mo- 
tion; but no one of them apparently had a very good understanding 
of the physical basis of these astronomical phenomena. An idea of the 
religious constraint which was being placed upon such scientific en- 
deavor may be gained from the fact that Galileo was penalized for 
believing and supporting the teachings of Copernicus and Kepler. 

Most of the problems in plane and solid geometry had been solved 
by the end of the seventeenth century. 

But the sciences of geology and physics were still in their swaddling 
clothes. 

The geologists were still obliged to account for the history of the 
earth in relation to “the deluge” and the physicists had not yet 
learned how to conduct their experiments with sufficient care to draw 
correct conclusions. 

In reviewing the history of geology we find that the Greeks, and 
likewise the Romans, contributed little of science. They left us fairly 
good accounts of some volcanic eruptions and earthquakes, but that 
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was about all. They were poor observers and experimenters, and did 
not collect and classify data. 

Good collections of fossils, however, began to be made about the 
fourteenth century, and most collectors attempted to explain their 
origin in some manner; for instance, as having some connection with 
“the deluge.”’ Leonardo da Vinci apparently was among the first to 
obtain a correct understanding as to the origin of fossils. 

It was at the close of the seventeenth century that the stratifica- 
tion of the subsurface of the earth and the sequence of rock formations 


were first understood. 
By the beginning of the eighteenth century the Reformation was 


- well under way and scientific progress was off to a good start. The 


alchemists were still struggling with the problem of converting the 
base metals into gold and silver; but the astronomers, geologists and 
physicists were off on a holiday of discovery and progress. 

The astronomer with his newly devised telescope was busy apply- 
ing Kepler’s Laws, and classifying and understanding the contents of 
the heavens. The physicist had learned to conduct experiments in a 
thorough and orderly manner and to make measurements with suf- 
ficient precision to draw correct conclusions. Geologists were roving 
over lands afar and near collecting and classifying vast amounts of 
geological data. 

But the astronomer no longer had time to hunt fossils, and the 
geologist was too busy with his study of earth formations and fossils 
to devote much time to and discourse upon the laws of gravity, the 
hydrostatic characteristics of fluids, et cetera. The scientific world 
had started to move into the age of the specialist. The pure scientist 
had to choose a particular branch of his field of science; an astronomer 
elected to devote his entire time to the study of comets; a geologist 
elected to become an authority on paleogeography; and a physicist 
became oblivious to everything that took place in the world except 
some meagre means of subsistence and the structure of the atom. 

Gazing upon the scene of scientific discovery and progress, and 
holding it in perspective were men of the extrovert type who saw the 
possibility of utilizing these scientific achievements to benefit man- 
kind and to provide a lucrative reward for their successful application 
in the form of personal gain in wealth. 

Men started about the business of building and installing electric 
lighting and power machinery. The picture in the minds of such men 
was quite different from that picture which was in the mind of 
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Michael Faraday when he discovered electromagnetic induction, 
which principle is basic to almost all electric power machinery. 

Faraday’s picture was simply that of a line of magnetic force 
being cut by an electrical conductor. 

Edison, who was the extrovert type and logically an engineer, had 
visions of power plants lighting large cities so that the populace could 
move about at night as if by day, and of huge mills operated by 
electric motors. Edison had a vast amount of knowledge concerning 
many scientific subjects. The engineer who superintended the building 
of the Holland Tunnel, in addition to being a master mechanical 
engineer, must have had a good understanding of civil engineering, 
electrical engineering, geology, hydraulic engineering and perhaps 
some understanding of the physical, social and economic history of 
New York and New Jersey. 

By the middle of the nineteenth century the research geologist 
and research physicist found that their own respective fields had so 
expanded that neither was able to cultivate much interest in the field 
of the other. This date marks approximately the beginning of oilfield 
exploration. 

With the advent of the discovery of oil at Titusville, Pennsyl- 
vania in 1859, the drilling and exploration for oil which immediately 
ensued were apparently guided by a kind of ‘‘creekology,” but such 
exploration was destined to receive more scientific guidance very 
shortly. The anticlinal theory, a progressive step, seems to have been 
expounded originally by Dr. I. C. White and others. Now let us see 
what happened: 

In attempting to explain the accumulation of oil and gas, Dr. 
White did so for the purpose of assisting in finding more of these 
minerals which were commercially valuable. According to my defini- 
tion, he became an engineer (a petroleum geologist); and the initial 
course of his endeavor led him into the realm of a science other than 
geology. Undoubtedly, he was a sufficiently competent student of 
physics to have a clear understanding of hydrostatics, because the 
anticlinal theory could not logically have occurred to one who had no 
such understanding. 

So at the very beginning of his endeavor as a petroleum geologist, 
Dr. White was necessarily obliged to expand his knowledge of other 
sciences or to utilize his already attained expanse of knowledge of 
such other sciences. 

Since that time the petroleum geologist and petroleum engineer 
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have had need to delve into the fields of mathematics, chemistry and 
physics to secure aid in the solution of their problems. Almost every 
petroleum geologist knows how to calculate quickly the approximate 
bottom hole pressure of most wells which have a normal behavior. 
They also know that oil sands contain from 25% to 45% water in the 
sand which cannot be produced with the oil. Both of these phenomena 
are distinctly physical. 

As the demand for petroleum increased, and since the consumption 
of oil taken from the earth’s interior reduced the availability by that 
amount, there appeared to be a definite limit as to the amount that 
could be found by purely geological methods. That such a condition 
existed is indicated by some of the estimates of reserves made twenty 
years ago. The geologist was about to deplete his store of available 
geological information. 

The trail in the search for oil was surely destined to lead into the 
field of physics. Its fundamental method of accumulation is a frank 
display of a simple physical phenomena. This trail led so far into the 
field of physics that the limited gleanings of knowledge from the field 
of physics by the highly-trained and specialized geologist were no 
longer adequate to meet and solve the problems of exploration. 

When the geologist followed this trail out of the sunshiny land of 
geology into the forest, he found that it opened into the land of 
physics, where he was met at the entrance by several physicists, who 
perhaps were more mercenary-minded than many of their brilliant, 
highly-specializing brother physicists. As a consequence, we find that 
many physicists and geologists have entered the field of petroleum 
exploration as geophysicists. 

I again state the theme of my discourse, that when a pure scientist 
turns engineer, and attempts to apply his scientific knowledge, almost 
invariably he has to broaden his field of thought. 

This brings us up to date in the field of petroleum prospecting. 
With the advent of the new geophysical methods, estimates of oil, 
reserves have been extended. We now see a way of finding reservoirs 
which we did not consider available before, because of a doubtful 
ability to find them. A year ago Wallace E. Pratt gave an excellent 
summation of the results in the nature of new oil field discoveries by 
the use of geophysics. Because of this considerable aid which has been 
given to geology by physics, petroleum exploration is easily keeping 
pace with the demand for petroleum. 

A vast amount of new geological information has been obtained 








76 J. C. KARCHER 


which will ultimately lead to new and further discoveries. The geo- 
logical concept of structural conditions in certain vast regions has 
been changed. For instance, a number of years ago some geologists 
held that because of the relative youngness of the Gulf Coast, and its 
remoteness from mountainous areas, about the only type of structure 
to be expected was of the Salt Dome type. It now appears that struc- 
tures of other types are numerous; also that there are many faults 
along the Gulf Coast, some of which are large and extend over vast 
areas. Geophysics played an important role in these findings. 

But hold! If the petroleum geologist and geophysicist think they 
can rest on their laurels and join each year to have a feast in celebra- 
tion of such an Utopian state of affairs, they are mistaken. The law 
of diminishing returns indicates that this state of affairs cannot per- 
sist indefinitely. So after the feast is over, on with your boots and back 
to the struggle. 

But what may we hope to accomplish? 

Do we not already know how to locate hidden geological structure 
by several geophysical methods? 

Have we not tried to harness every economically available force 
of nature which will display itself in sufficient magnitude to be of aid 
in our exploration? 

We have utilized gravitational forces, artificially generated me- 
chanical forces, and natural and artificially generated electric and 
magnetic forces! 

Are we not at the end of our wits, and will not the law of diminish- 
ing returns soon leave our flivver stranded along the highway of time 
with no gasoline in the tank? 

I think not; at any rate, not soon. I say this because the history 
of scientific development itself shows that often need is the mother 
of invention; and further, because I do not believe that the geologist 
and physicist have yet attained a sufficient understanding of the fields 
of each other to justify the conclusion that the present state of 
achievement represents the culmination of their combined efforts. 

Also, at the present time there are many brilliant young scientists, 
both physicists and geologists, who have visions of accomplishing 
new and greater things in the field of petroleum exploration; and Iam 
a firm believer in the proverb—‘‘The dreams of today are the realities 
of tomorrow.” 

Alexander the Great had visions of aeroplanes as the ideal means 
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of travel. Although it was many centuries after his time that this 
dream was realized, the aeroplane is a commonplace today. 

The geophysicist dreams of locating oil reservoirs in the earth 
and of determining the amount of oil in each reservoir before it is 
tapped. The realization of this vision may be a far cry from our 
present attainment, but I have sufficient confidence in the ability 
of mankind to achieve its goal to believe that it will some day be 
accomplished. 











DEPTH FACTORS AND RESOLVING POWER OF 
ELECTRICAL MEASUREMENTS* 


H. M. EVJENT 


_ ABSTRACT 


The use of depth factors in electrical prospecting is critically reviewed. The use 
of depth factors is placed on a rational foundation. This is accomplished by assigning 
new physical significance to the so-called apparent resistivities and potential drop ratios 
measured by electrical methods. It is shown that these measurables may be considered 
as broadly averaged representations of the distribution of electric images with depth. 
As a result, universal depth factors exist which may be calculated once for all for any 
given electrode arrangement. The depth factors are calculated for a number of com- 
monly used electrode arrangements and are found to be smaller than generally assumed. 
The potential drop ratio method is shown to be superior to the apparent resistivity 
method in regard to depth of reference as well as to resolving power. The resolution by 
either method, however, is found to be entirely inadequate to give anywhere near the 
detail obtained with well logs. The new approach adopted in this paper leads to quite 
simple and practical methods of analysis and direct solution of the interpretation prob- 
lem which are illustrated. These methods are shown to have a useful field of applica- 
tion also in gravitational interpretation. The extent to which a detailed analysis justi- 
fiably may be carried is briefly examined. From the point of view of practicability it is 
reaffirmed that the best field of application of the electrical methods is the investiga- 
tion of horizontal changes such as the mapping of faults and salt dome flanks. 


I. INTRODUCTION 

By a depth factor in electrical prospecting is generally meant a 
factor which transforms a distance measured along the surface of the 
ground into a significant depth. The idea is that electrical measure- 
ments, carried out at the surface of the ground, refer more or less 
definitely to the electrical properties of the ground at a certain depth 
given by the product of the depth factor and, for instance, the elec- 
trode spread. 

This idea may have its origin in the fact that the average depth 
of penetration of an electric current into the ground under certain 
circumstances is proportional to the distance between the current 
electrodes. This is true when the ground is uniform and homogeneous 
in its electrical properties and when the current employed is direct. 
The depth of penetration as here used is a depth such that exactly 
one-half of the total current penetrates to or below said depth. 
Subject to the conditions here set forth it may be easily verified that 
the depth of penetration is one-half the distance between the current 
electrodes. 


* Paper read by title, Annual Meeting, New Orleans, March 16, 1938. 
t Shell Petroleum Corporation, Houston, Texas. 
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In general, however, the penetration depends on the distribution 
of the electrical properties of the ground with depth. This is most 
easily recognized by considering the extreme case in which a per- 
fectly conducting layer is present in the ground. No current pene- 
trates below this layer and the depth of penetration never exceeds 
the depth to the perfectly conducting layer. Similarly when the re- 
sistivity of the ground varies in any manner whatsoever the penetra- 
tion will depend upon this variation. Therefore it can be said without 
reservations that no universal depth factor exists by which the depth 
of penetration of the exploring current into the ground is given as a 
certain fraction of the electrode spread. 

For alternating current the depth of penetration depends on the 
frequency of the exploring current as well as on the conductivity of 
the ground. Even for a perfectly uniform and homogeneous ground 
the depth of penetration is not proportional to the electrode spread 
but reaches an asymptotic value as the distance between the current 
electrodes is increased. The same is true of commutated and inter- 
rupted direct current which in general have several components of 
different penetration. 

Since the depth of penetration of the exploring current does not in 
general bear a simple fractional relation to the electrode spread it 
follows that the apparent resistivity measured at the surface of the 
ground does not possess a universal depth factor either. The apparent 
resistivity, thus measured, is the result of an integration extending 
all over the Earth, from its surface to the center. It may be considered 
as a weighted average of the resistivities in the ground from the sur- 
face down, more weight being given to a certain depth than to others. 
The depth factor, properly defined, is the depth of maximum weight 
expressed as a fraction of the electrode spread. The existence of a 
universal depth factor of this kind again is reduced to an absurdity 
by considering the extreme case in which a perfectly conducting 
layer is present in the ground. Since no current penetrates below this 
layer it is clear that electrical measurements at the surface of the 
ground do not enable us to measure any electrical properties of the 
ground below this layer. The depth to which the measurements refer, 
therefore, cannot exceed the depth to this layer no matter how large 
the electrode spread. 

The depth factor method of interpretation is extremely simple 
and is therefore very desirable from the practical point of view. It 
to be regretted, therefore, that no theoretical justification for this 
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method ever has appeared in the literature. On the contrary, elabo- 
rate calculations have illustrated amply that the apparent resistivity 
measured at the surface of the ground bears no simple relation to the 
real resistivity at a depth given by some fraction of the electrode 
spacing.! 

Some justification for the depth factor exists when it is deter- 
mined empirically, by correlation with well logs, and is revised from 
time to time as the electric survey proceeds. It is to be feared, how- 
ever, that wishful thinking has contributed largely to the determina- 
tion of depth factors by this method. Properly executed well logs re- 
flect faithfully and sharply the changes with depth in the resistivity 
of the ground. The apparent resistivity, measured at the surface of 
the ground, and plotted against electrode separation also will reflect, 
after a fashion, these various changes. Whereas the change in re- 
sistivity in the well log will take place within a few feet of the electric 
surface of discontinuity, however, the corresponding change in the 
surface log will take place in a distance of the order of magnitude of 
the total depth to the discontinuity. In other words, the surface log 
gives a very much smeared out picture of the well log. Moreover, the 
surface log is subject to serious sources of error. For instance, the 
resistivity may change somewhat along the surface of the ground and 
such change, unless properly balanced out, often will give rise to big- 
ger and more sharply defined fluctuations in the apparent resistivities 
than any change in the real resistivity with depth possibly could give. 
For these reasons the surface log may exhibit a character closely rival- 
ing the well log in fluctuations and detail. With disregard for that 
which is theoretically and physically possible it may, under such cir- 
cumstances, require but a small stretch of imagination to derive from 
the observations any desired correlation between the well log and the 
surface log. 

Even if it can be assumed that the depth factor has been properly 
determined by empirical means at one location we have no assur- 
ance that it will stay the same when we move on to the next. It is 
therefore of interest that the depth factor method of interpretation 
may be placed on a theoretically sound basis if we are willing to 
interpret the measured results, not in terms of such physical realities 
as the restivity, but in terms of the fictitious quantity called image 
strength. With this new interpretation universal depth factors exist 


1 See, for instance, J. N. Hummel, Geo. Prosp., 392, 1932; and M. Muskat, Phys- 
ics 4, 129, 1933. 
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which may be calculated once for all for any given electrode arrange- 
ment. The measurements enable us to estimate directly the image 
strengths at various depths, and from these image strengths, if so 
desired, the resistivities at various depths may be calculated succes- 
sively from the surface and down. 

This method of interpretation requires a slight modification in the 
conventional point of view which now will be specified. The discus- 
sion will be limited to direct current. 


2. SOME GENERAL METHODS OF INTERPRETATION 


It is well known that, for a horizontally layered ground, the elec- 
tric potential at the surface of the ground may be represented as the 
summation of the potentials due to the primary sources and the po- 
tentials due to infinite arrays of image sources. General methods? have 
been developed for calculated the strengths of these images when the 
electric conductivities of the various layers are given. Conversely it 
may be easily verified that, if the image strengths are given succes- 
sively from the surface and down, the electric conductivities may be 
calculated in the same succession from a linear set of equations. 

It follows that, if our measurements should enable us to deter- 
mine the strengths of the images and their depths, the depths to the 
various layers and their conductivities may be calculated. 

Let us therefore investigate the possibility of calculating the im- 
age strengths from measurements at the surface of the ground. 

The potential of a single point source at the surface of a horizon- 
tally layered ground is given by 

U(r) = eo/r + 2Sn[en/(r? + hn?) ¥?] (2) 


where ¢ is the radial distance from the point source, é, at the surface 
of the ground, e, is the strength of the -th image, and h, is its depth. 
S, denotes a summation over these images. 

The strength of the primary source, @, may be considered as 


known since 
éo = lim rU(r). (2) 
70 
The strength of the primary source otherwise, in well known 


manner, is given by 
eo = J/2nS (3) 


where J is the total current entering the ground through the point 
source and S is the conductivity of the surface layer. 


2 Ehrenburg and Watson, Geo. Prosp., 423, 1932. 
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Interpretation of the measurements in the conventional manner 
amounts to a disregard of the limiting process indicated in Equation 
2. Combining Equations 2 and 3 we then obtain for the apparent 
resistivity, 

Pa = 1/Sq = 20rU(r)/J. (4) 

The physical significance of this quantity is somewhat obscure. 
Simplify by writing 


W(r) = rU(r) — eo = 27Snlen/(r? + hp2)"?]. (5) 


By a simple mathematical artifice the summation, S,, will be trans- 
formed into an integration. Define an image density, g(z), as follows: 


g(z) = o forz ¥ hy 


; (6) 
lim g(z) = © for z = hy 
hyntd 
and a _g(z)dz = 2e, 
hn—A 
where A is an arbitrarily small linear increment. 
Then the summation becomes 
Wo) = fo brale)/O2 + 22)" Nas, (7) 
0 


The problem now is reduced to solving this integral equation for 
the unknown function g(z) when W(r) is known. A solution can be 
obtained as a doubly infinite integral involving Bessel functions of a 
complex argument. It should be remembered, however, that the func- 
tion W(r) is known only graphically and with limited accuracy. This 
rigorous solution, therefore, has only academic and no practical value 
and will not be considered here. 

For practical purposes the following considerations are adequate. 
Define the sum of images down to a depth z 


as G(z) = f g(z)dz. 
0 
By partial integration the integral (7), then, may be written 
Wo) = fo eGo? + 29" Nas, (8) 
0 


It is here assumed that the sum of all the images from zero to 
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infinity is finite. This is generally true except when a perfect insulator 
is present in the ground. 

A physical significance now may be assigned to the experimentally 
determined function W(r). It represents a weighted average of G(z), 
maximum weight being assigned to a depth given by 


0/dz[rz/(r? + 22)3/2] = 0 


or, Sm = r/2'2, 


(9) 


In other words, the measurable W(r) represents in first approxi- 
mation the sum of the images down to a depth given by Equation 9. 
Since the images due to any one interface make their first appearance 
at twice the depth to that interface it follows that the proper depth 
factor to be assigned to W(r) is 1/+/8. 

In practice it is impossible to determine directly the potential, 
U(r), due to a single point source. Only potential differences can be 
determined. Every potential difference, however, can be associated 
with an ‘‘apparent resistivity”’ analogous to that defined in Equation 
4. The difference between the apparent resistivity and the real re- 
sistivity at the surface of the ground again may be interpreted, as 
above, as an apparent sum of the images down to a certain depth 
given as a definite fraction of the electrode spread. This fraction, or 
the depth factor, depends on the electrode arrangement and will be 
calculated for a number of cases. First, however, we shall consider 
somewhat more in detail the integral equation (8). 

If W(r) is known with sufficient accuracy more detailed calcula- 
tion may be justified in determining G(z) from this integral equation. 
Successive approximations may be obtained by a process of iteration. 
We have already indicated the first approximation, 


Gi(z) = W(V/2 2). 
Let W'(r) = [ baer + 2)3/2|dz. (10) 


Then the error in the first approximation is given by 


i) 


W'(r) — W(r) = f {rz[Gi(z) — G(z)|/(r? + 2?)3/2} dz, (11) 


0 
This is another integral equation of the same form as (8). We can there- 
fore write the second approximation, 


Gi(z) — Gr(2) = W'(/2 2) — W(V2 2). 
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Consequently, 
Giz) = 2W(\/2 2) —W"(V/2 2). (11) 

By repeating these steps any number of successive approxima- 
tions can be obtained. It will be noticed, however, that this method 
involves the integrations from zero to infinity of the observed and de- 
rived functions exemplified by equation (10). The method, therefore, 
is not very suitable for practical purposes. 

A more practical method now will be indicated. By performing 
various differential operations on W(r) as given by Equation 8, new 
functions may be formed which also represent weighted averages of 
G(z). Whereas W(r) has a weight function, 


Qo = r2/(r? + 2?)3/2 (12) 


with a rather broad maximum at z=7r/,/2, the new functions have 
weight functions which are more sharply peaked. 
A general type of weight function is 


0. = pientigentl /R, (7? + g?) nt (3/2) (13) 


where , is a normalizing factor given by 
1 
k, = { (x + 2*)*2™dz. (14) 
0 


The maximum of this general type of weight function occurs at 
Zm = (20 + 1)"2r/(2m + 2)"? (15) 


and the maximum for increasing ” becomes increasingly sharp. 
By definition we have 


W,(r) = fo, r)G(z)dz. (16) 


For n very large, Qn is very small everywhere except at z=2Zm. In the 


limit it is permissible to write 
i 2) 


lim W,(r) = lim G(zm) Q,(z, r)dz = G(r). (17) 


no no 0 


It now remains to incidate the process by which W,(r) can be de- 
rived from W(r). We have 


w= f “Qolr, 2)G(2)ds 


dW /dr = f “[8"Qo/ar"|G(2)dz. 
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By inspection it is seen that coefficients c;" always can be found such 
that 


Qn 
On = = ci"r'd'Qo/dr*. 
i=0 
It follows that 
2n 
W, = >, cridiW /dr. (18) 
i=0 





2 4 6 8 1.0 t2 1.4 16 18 20 22 24 26 28 3.0 3.2 xfer 


Fic. 1. Distribution of weights with depth by simplest measurable ‘apparent 
resistivity,” (Qo), and improvement therein by the calculation of first differential 
operator, Qi. 


A general recurrence relation from which the coefficients succes- 
sively may be found is 
Writ = E,[(2n + 1)(2n + 2)W, — 2rdW,/dr — r°d?W,,/dr?] (19) 
where En = Rn/Rnyi(4n + 3)(4n + 5). (20) 
In particular, we obtain 
W, = W — rdW/dr — (r?/2)d?W/dr?. (21) 
The weight function, Q:, associated with W, is plotted in Fig. r. 
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The weight function, Q,, associated with the more or less directly 
observed W, is plotted in the same figure. The physical significance 
of these quantities will be summarized. If G(z) is the sum of the images 
from the surface and down to a depth, z, then W represents a weighted 
average of G, the weight assigned to the different depths being given 
by Q.. W; also represents a weighted average of G, the weight assigned 
to the different depths being given by Qu. 

The “half-width” of Q; is seen to be very much smaller than that 
of Q,. Correspondingly the “resolution” obtained with W, is very 
much greater than that obtained with W. 

In other words, if the accuracy of the observations justify the 
calculation of the first and second derivatives of W which enter into 
Equation 21 then a “‘surface log”’ may be calculated from the obser- 
vations in which the changes in resistivity with depth are much more 
clearly reflected. In general, the accuracy with which the changes in 
resistivity with depth can be calculated from the data increases 
with the number of derivatives which justifiably can be computed. 

Ordinarily not even the second derivative can be calculated with 
much confidence. The reason for this is that the errors are not only 
observational but also due to erratic changes in the resistivity along 
the surface of the ground. 

If the interpretation is to be made on the observed apparent re- 
sistivity directly, it must be kept in mind that only general features 
are significant. Due to the breadth of the weight function, Q,, as shown 
in Fig. 1, it is a theoretical and physical impossibility for the apparent 
resistivity graph to exhibit sharp features as a result of changes in 
resistivity with depth. Any ripple of ‘‘wave length” much less than 
the electrode separation at which it occurs must be ascribed to obser- 
vational errors or to changes in the resistivity along the surface of 
the ground. 

In passing it may be mentioned that the method of interpretation 
here expounded may be adapted with good results for the interpre- 
tation of gravity data. 

The gravity picture observed at the surface of the ground is 
interpreted as a weighted average of the structural picture. Differen- 
tial operators are formed by processes similar to those explained above, 
transforming the observed gravity picture into a new picture which 
also represents a weighted average of the structure. The new weight 
functions, however, are much more sharply peaked so that the derived 
picture conforms in greater detail with the structure. 
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This method is closely related to a method previously proposed*® 
in which the interpretation was centered around the vertical gradient 
of gravity. By that method, however, the solution was obtained in 
the form of a Maclaurin expansion in which, by necessity, only a 
finite number of terms were retained. Experience has shown that such 
an approximate solution introduces spurious oscillations in the re- 
sults which are dangerous and objectionable from the practical point 
of view. 

By the method here proposed, on the other hand, successive ap- 
proximations, involving higher and higher derivatives, yield progres- 
sively more accurate structural pictures without the introduction of 
spurious oscillations. In the limit, as the number of approximations 
is increased ad infinitum, the Maclaurin expansion is obtained. 


3. DEPTH FACTOR BY THE WENNER ARRANGE- 
MENT OF ELECTRODES 


A commonly used arrangement of electrodes, sometimes called 
the Wenner arrangement, is shown in Fig. 2. 





Fic. 2. “Wenner arrangement” of electrodes for measuring apparent resistivity. 


Ordinarily the current is sent into the ground at electrode 1 and 
is taken out at 4. The potential difference between the electrodes 2 
and 3 is measured as a fraction of the total current and this ratio, 
multiplied by the constant which would give the correct result if the 
ground were uniform and homogeneous, is called the apparent 
resistivity. 

By the general principle of reciprocity it follows that exactly the 
same result would be obtained by circulating the current between the 
electrodes 2 and 3 and measuring the potential difference between 
electrodes 1 and 4. Although the penetration of the current into the 
ground is larger in the former case (by a factor 2 for a uniform, 
homogeneous ground), it is clear that these measurements should 
have the same depth factor. 


3 The Place of the Vertical Gradient in Gravitational Interpretations, H. M. 
Evjen, Gropuysics, vol. I, no. 1, pp. 127 et seq. 
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On the other hand, if the current were circulated between the 
electrodes 1 and 3 and the potential difference measured between 
the electrodes 2 and 4 a different depth factor might be expected. As 
a mattter of fact it will be shown that the depth factor by the latter 
arrangement is somewhat greater than by the former. 

For a horizontally layered ground the potential due to a point 
source at the surface of the ground is a function of the radial distance 
from the source only. The potential difference measured by the first 
of the arrangements here described therefore may be written as 
follows: 


A, = 2[U(a) — U(za)]. (22) 


The potential difference measured by the second arrangement simi- 
larly is 
A, = U(a) — U(3a). (23) 


By Equations 1, 5, and 8, we get 


Vi = aAy — & = xc z)G(z)dz (24) 

Ve = (3/2)ad2 — &) = [ 20 2)G(z)dz (25) 

where P,(a, 2) = 2a2[(a? + 2?)-9/2 — (4a? + 22)-3/2] (26) 
and P2(a, 2) = (3/2)az[(a? + 2°)? — (ga? + 2*)-9/2]. (27) 


The integrals on the right side of equations (24) and (25) represent 
weighted averages of G(z) the weight functions being given by Equa- 
tions (26) and (27). 

By either arrangement e¢& may be considered as known. This can 
be most easily verified by letting a become very small in equations 
(24) and (25). In the limit we get, 


coo — lim ad, (28) 
a—0 
€o = (3/2) lim ade (29) 
a—0 


The quantities V;(a@) and V2(a) therefore may be experimentally 
determined. As we have seen, they represent weighted averages of 
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G(z), or we can say in first approximation they represent the sum of 
the images down to a depth given by the point at which the weight 
function has a maximum. 

The weight functions P; and P» are plotted in Fig. 3. Pi is seen 
to be somewhat more sharply peaked. Pe, however, has a somewhat 
greater depth of reference. 


7 


2 4 6 8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 26 28 3.0 2/r 


Fic. 3. Distribution of weights with depth by “Wenner arrangement” for measuring 
apparent resistivity. P:, ordinary arrangement; P2 modified arrangement. 


Since the images associated with any interface make their ap- 
pearance at twice the depth to the interface we can say that the depth 
factor of V; is approximately 0.108 referred to the total spread and 
that of V2 is 0.115. These depth factors refer strictly speaking only 
to the sum of the images associated with any interface, which, when 
normalized, is always equal to the ratio of the resistivities of the 
adjoining layers less one. Under favorable conditions, however, these 
depth factors have a more direct bearing on the real depths to the 
interfaces. For instance, when a layer is present in the ground such 
that the surface log of apparent resistivity has a maximum or mini- 
mum, this maximum or minimum usually will come at a total elec- 
trode spread which is about nine times the depth to the upper inter- 
face. In the case of the socalled potential drop ratios a more general 
correlation exists. 

The depth factors associated with other electrode arrangements for 
measuring apparent resistivity can be found in an exactly analogous 
manner. The depth factor associated with the potential drop ratio 
method, however, requires a special treatment. 
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4. DEPTH FACTOR BY THE POTENTIAL DROP RATIO METHOD 


By the potential drop ratio method‘ it is not a potential differ- 
ence which is measured but the ratio between two potential differ- 
ences. Since each of these potential differences may be considered as 
being proportional to an apparent resistivity it may be said that the 
potential drop ratio method measures the ratio between two apparent 
resistivities. Since these apparent resistivities in general refer to dif- 
ferent depths it may be said that, in rough approximation, the 
measured result is proportional to the rate of change of the log of the 
resistivity with depth. 

By this interpretation, however, no rational depth factor can be 
assigned to the measurements. 





| a | a j a | a | 
j |. 2 a x 


WUsddddddddddddddddddddddddd 


Fic. 4. Straight line, equi-distant arrangement of electrodes 
for measuring potential drop ratio. 


By our interpretation, on the other hand, the departure of the 
potential drop ratio from its normal value is proportional to an 
apparent image density and universal depth factors may be assigned 
to the measurements. 

The potential drop ratio method requires five electrodes. The 
arrangement of these electrodes is arbitrary. For the sake of sim- 
plicity the present discussion will be confined to a straight line, 
equi-distant arrangement as shown in Fig. 5. 

Any two of the electrodes 1-5 may be used as current electrodes 
and the depth factor to be associated with the measurements will 
depend on this choice. 

To be specific we shall let the current circulate between the elec- 
trodes 2 and 3. 1, 5, and 4 then are the potential electrodes. For a 
horizontally layered ground the potential drop ratio becomes 


F = [U(a) — 2U(2a) + U(3a)]/(U(a) — U(3a)). (30) 
By Equations 1 and 5 we have 


U(r) = eo/r + Wl(r)/r. 


4 See U.S. Patent 1,934,079 by H. T. F. Lundberg and F. H. Kihlstedt, and U.S. 
Patent 1,940,340, by T. Zuschlag. 
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Hence, 
F = [eo + 3W(a) — 3W(2a) + W(3a)]/[2¢0 + 3W(a) — W(30)]. 
By equation (7) this becomes 


P= [rt f Lio,s)e(e)ds|/2lr+ f Lala, seeds] (32) 


where, 
Li(a,2) = 3a[(a? + 22)? — 2(4a? + 22)-¥? + (ga? + 22)-¥2] (32) 
L,(a, 2) = (3/2)a[(a? + 2?)-”? — (ga? + 22)-¥?]. (33) 


The image density, g(z), occurring in equation (31) has been nor- 
malized. That is, since it has been divided through by @, it refers to 
a primary source of unit strength. 

In very good approximation the right-hand side of equation (31) 
may be expanded with a retention of only the two first terms in the 
expansion. The potential drop ratio then becomes, 


F= let f(a - Lets], (34) 
0 
An apparent image density, f, now may be formed as follows: 
f= f i- e@e/ [ a- Des G9) 
0 0 


= [1 — 2F]/(3/2)a log (27/16). _ (35) 


In plain words, the departure of the potential drop ratio from its 
normal value is proportional to a weighted average of the image 
density. The distribution of weights with depth is given by the weight 


function 
L = 2(Li — Lz)/3a log (27/16) (36) 


and is shown in Fig. 5. 

For small values of (z/a) L behaves as (z/a)?. For large values of 
(z/a) L behaves as (a/z)*. For these reasons it has a much more 
sharply defined maximum than the weight functions associated with 
the apparent resistivities which are shown in Fig. 3. 

The depth factor referred to the total spread in this case is seen 
to be 0.18. Although this result refers strictly speaking only to the 
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image density it commonly also has a more direct bearing on the 
depth to the interfaces, to which we shall presently return. 


5. CONCLUSIONS 


It is seen from the previous considerations that in regard to re- 
solving power as well as depth of reference the potential drop ratio 
is superior to the apparent resistivity. 

By either method, however, the resolving power is entirely inade- 
quate to give anywhere near the detail which can be obtained from a 


well log. 


2.8 
74 


a 4 6 8 1.0 12 14 16 18 2.0 22 24 2.6 26 3.0 32 34 36 386 40 
z/a 


Fic. 5. Distribution of weights with depth by potential drop ratio measurement. 


For increasing electrode spreads, and hence increasing depths of 
reference, the resolving power rapidly decreases. This follows from 
the fact that for any given electrode arrangement the weight func- 
tion multiplied by the electrode separation is a function of the ratio 
(z/a) only as shown in Figs. 1, 3 and 5. In other words, the “‘haif- 
width” of the weight function is directly proportional to the electrode 
spread and hence to the depth explored. 

Roughly the half-width is one and one-half times the depth ex- 
plored. Two electric interfaces of discontinuity consequently cannot 
in general be clearly resolved by the ordinary electric measurements 
at the surface of the ground unless one is at least twice as deep as the 
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other. If an interface of increasing resistivity is followed by one of 
decreasing resistivity, however, the resolving power is somewhat 
improved. 

If the accuracy of the data justifies the calculation of higher de- 
rivatives any desired resolving power can be attained as illustrated 
in paragraph 2 above. 

In this connection it must be emphasized that the “‘accuracy”’ of 
the data is not only conditioned by the accuracy of the observations 
but also by the accuracy of the assumption that electrical properties 
of the ground are horizontally stratified. 

Changes in resistivity along the surface of the ground from one 
end of the electrode spread to the other have a relatively large effect 
upon the measured results and add to observational errors in produc- 
ing ripples and wiggles which often make a surface log look like a well 
log. 
Before a detailed analysis of the surface log in terms of depth can 
be attempted it is necessary either to make sure that no such spurious 
effects are present or else to smooth the surface log by a rational proc- 
ess so as to make it conform with the assumption of horizontal 
layers. 

In most areas electric well logs indicate the presence of a large 
number of sharply defined interfaces of discontinuity. The separation 
of the interfaces may be only a few feet whereas the depths in which 
we are interested may be anything from a few hundred feet to several 
miles. Our analysis has shown that in such areas the ordinary ap- 
parent resistivity and potential drop ratio measurements give a 
broadly averaged representation of the distribution of images with 
depth. If this distribution would remain substantially the same 
from one location to the next, only contracting or expanding more or 
less as a whole, the surface log as observed would give immediate 
visual information concerning the depth to an ‘“‘average’’ electric 
marker. If, however, the electrical constants associated with any one 
interface should change or if an interface should peter out, the breadth 
of the averaging process or, as we might say, the insufficient resolv- 
ing power becomes a Serious source of error. The changes in the meas- 
ured results from one location to the next then cannot be attributed 
to changes in depth only and a detailed analysis becomes imperative. 

A comprehensive three-dimensional analysis of electrical measure- 
ments is as yet beyond the realm of practical possibilities. The as- 
sumption that the electrical properties of the ground are horizontally 
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stratified therefore appears to be necessary for dependable depth 
calculations. Where this condition is fulfilled, either by the kindness 
of nature or by a justifiable smoothing of the data, the method of 
direct analysis exemplified in paragraph 2 yields the depths to and 
strengths of the images. From these depths and strengths the depths 
and resistivities of the layers may be computed as already explained. 

The depth of reference of the electrical measurements varies con- 
siderably with the electrode arrangement used. The Wenner arrange- 
ment and related electrode configurations for measuring apparent 
resistivity give essentially a weighted average of the sum of all the 
images down to an arbitrary depth. The depth of maximum weight 
was found to be about two-ninths of the total electrode spread. Since 
the images associated with any one interface make their first appear- 
ance at twice the depth to the interface this means that the optimum 
electrode spread is nine times the depth to be explored. Frequently 
it also means that when a layer in the ground gives rise to a maximum 
or a minimum in the apparent resistivity log this maximum or mini- 
mum occurs at a total electrode spread which is about nine times the 
depth to the upper interface of the layer: 

The potential drop ratio measurement, with electrodes suitably 
arranged, gives essentially a weighted average of the image density. 
The depth of maximum weight, for the electrode arrangement con- 
sidered in this paper, was found to be about four-elevenths of the 
total spread. The optimum electrode spread for this arrangement 
consequently is about five and one-half times the depth to be ex- 
plored. A maximum or minimum in the potential drop ratio surface 
log usually occurs when the total electrode spread is about five and 
one-half times the depth to the interface causing the maximum or 
minimum. 

Although the depth factors computed in this paper refer strictly 
speaking only to image sums or image densities they may be used in 
good approximation also to obtain directly the depths to interfaces 
as above indicated. This approximation is particularly good when 
the resistivity contrasts at the interfaces are relatively small, but 
remains fair for the potential drop ratio even when infinite or zero 
resistivity ratios are approached. 

When a single prominent electric marker is present in the ground 
or when two or more prominent markers are present at greatly dif- 
ferent depths a direct, visual, depth factor analysis of the surface 
logs is possible as here described. Otherwise a detailed analysis is 
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required. The method of depth factors can be retained in this more 
refined analysis by the calculation of higher derivatives of the data, 
as illustrated in paragraph 2 above. As an alternative method, suc- 
cessive approximations can be obtained by integration of the data 
from zero to infinity, as illustrated also in paragraph 2 above. 

Although, theoretically, the problem of direct analysis has a 
unique solution, it must be concluded from the considerations. of this 
paper that this theoretical possibility rarely can be realized in prac- 
tice. This conclusion applies particularly if we wish to derive from 
the electrical measurements at the surface of the ground the kind of 
information which is derived from a conventional well log, that is, if 
our purpose is to derive the changes in electrical properties of the 
ground with depth. 

On the other hand, if we limit ourselves mainly to determine the 
changes in electrical properties in the horizontal direction the prob- 
lem is much simpler. It has been pointed out that horizontal changes 
constitute the most serious source of error in the interpretation of 
the data in terms of depth. Intrinsically the electrical measurements 
at the surface of the ground are more sensitive to horizontal than to 
vertical changes. This may be turned to advantage by confining, 
except in favorable areas, the electrical methods mainly to such 
geologically important problems as the mapping of faults and flanks 
of salt domes. 

For such purposes the electric methods are well adapted and 
appear to have a definite field of application. 

For permission to publish this paper I am indebted to the Shell 
Petroleum Corporation. 








SHALLOW STRATIGRAPHIC VARIATIONS 
OVER GULF COAST STRUCTURES* 


E. E. ROSAIRE} 


ABSTRACT 


Depth predictions for geophysical data obtained at the surface of the earth are 
usually made with the tacit assumption that lateral variations in the intervening strata 
are negligible. However, the evidence at hand indicates that, over Gulf Coast structures, 
local mineralization has resulted in appreciable stratigraphic variations which are 
not inverse functions of the depth nor direct functions of the relief of the underlying 
structures, but do appear to be excellent indices of the areal extent of deep seated, low 
relief, traps. 

More than a generation ago, evidence for this mineralization over and around 
Gulf Coast oil fields was recognized in the induration responsible for lowered drilling 
rates, and in the characteristic “halo” or “aureole” pattern of surface gas seeps. This 
mineralization results in increased acoustic speeds in the sediments overlying Gulf 
Coast traps, and so was responsible for the marginal refraction anomalies discovered 
from 1928-1930, and has been indicated indirectly by the exaggerated relief frequently 
predicted by the reflection surveys made in this area to date. This mineralization also 
modifies the electrical properties of the shallow sediments, and has been responsible 
for the shallow anomalies discovered by the recently introduced electrical transient 
method. Recent studies of the distribution of hydrocarbons and associated significant 
constituents in the surface soils have rediscovered and confirmed the “‘halo” pattern 
of surface gas seeps responsible for the discovery of the Goose Creek oil field in 1907. 

The recognition that these stratigraphic variations occur at shallow depths even 
over low relief deep seated structures should result in a material simplification in ex- 
ploration procedure through affording more easily attainable objectives in the way of 
shallow but important clues to deep seated traps. 


INTRODUCTION 


Of the organized exploration for petroleum which has taken place 
to date, by far the greater part has been structural prospecting, in 
which the primary objective has been the search for traps in which 
petroleum may have accumulated in amounts of economic importance. 
This type of prospecting takes the form of measuring, directly or 
indirectly, depths to particular horizons, and, by the use of iso-depth 
contours on a two-dimensional surface, describing the trap and its 
three-dimensional environment. As a result, depth determinations 
have come to be considered as fundamental requirements in structural 
prospecting. 

When the depth determinations were direct, that is, actually made 
on the stratum in question, from surface observations or from well 


* Paper read at the Annual Meeting, March 16, 1938, New Orleans, La. 
Also read to the Houston Geological Society, Feb. 17, 1938. 
+ Subterrex, Houston, Texas. 
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logs, the data used were generally of high order of accuracy. However, 
when these depth determinations were indirect, that is, calculated 
from data obtained at the surface of the earth on strata other than 
the one in question, the calculations nesessarily required assumptions 
as to the properties of the intervening media, so that these indirect 
depth determinations should be called depth predictions. 

With the introduction of geophysical methods into structural 
prospecting, the importance of depth predictions continued to be 
stressed. Formulae were developed for translating refraction travel 
time curves into depths to acoustic horizons; for two and three layer 
cases in electrical prospecting; for the depth to a pertinent pole in 
magnetic data; and for the depth and shape of cap rock in gravity 
prospecting. At present, most of us are familiar with the calculation of 
depths and dips from reflection travel times. 

As we continued to probe for deeper and deeper traps, it was 
natural to discard those methods which were found, or assumed, to 
be incapable of penetration to horizons which were conformable 
with the traps which we sought. As it has been generally assumed that 
sufficient penetration could not be readily secured from electrical 
methods, their trials have been usually characterized by intensive, 
but short lived and spasmodic, investigations. 


THE ELECTRICAL TRANSIENT METHOD 


Two years ago, at Tulsa, a paper! was presented which reported 
results from the use of a method,? based on electrical transients, by 
means of which a definite anomaly had been found over a deep seated 
Gulf Coast oil field. These results were of the greatest interest, for if 
the anomaly were due to the oil itself, or to the structural relief at 
the producing depth, the indicated penetration was much more than 
has been expected to result from the use of other electrical methods 
under similar field conditions. In view of the indicated need for new 
prospecting methods, the writer initiated independent work along 
similar lines in the summer of 1936, and was able to verify the previous 
work done by the Humble Oil and Refining Company, in that similar 
anomalies were found over other deep seated Gulf Coast oil fields 
(Satsuma, Fairbanks, Aldine, Van Vleck, South Elton, Sandy Point, 
and Segno). 

1 Electric Earth Transients in Geophysical Prospecting. Louis Statham, Gro- 


puHysics, Vol. 1, No. 2, June, 1936, pp. 271-277. 
2L. W. Blau, U.S. Patent No. 1,911,137. 
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Due to the complicated phenomena involved in tbe use of electrical 
transients, depth predictions could not be made by the method. As 
it turned out, this apparent limitation proved to be a blessing in dis- 
guise, for the anomalies had to be considered as two, rather than three, 
dimensional. 

In the course of these explorations with the method, several 
Eltran (i.e., Electrical Transient) anomalies were found which co- 
incided with refraction anomalies discovered in 1929-1930. In the 
interim between the abandonment of refractions and the advent of 
electrical transient prospecting, production had been established at 
one of these doubly anomalous areas (the South Elton, or China, oil 
field, Jeff Davis Parish, Louisiana), but the other areas had remained 
condemned as showing no definite evidence of relief on reflection 
surveys. 

Although the apparent penetration displayed by the method was 
most tempting mentally, critical analysis showed that the penetra- 
tion for the method could be no greater than that for like electrical 
methods under similar field conditions. Therefore, the anomalies 
found by the Eltran method could not be deeper than about one 
thousand feet. Yet, such anomalies were found over deep seated, 
low relief, fields, and also in areas supposedly condemned by the 
reflection method, from the standpoint of relief, but not as to the 
presence of oil. In view of the similarly paradoxical status of previously 
discovered refraction anomalies, it appeared reasonable to investigate 
the validity of refraction depth predictions. 


EXAGGERATED RELIEF PREDICTED FROM REFLECTION DIPS 


Now, in 1935, H. M. Horton*® had pointed out that the actual 
subsurface relief at Bosco was much less than that predicted by 
reflection dips, and in 1937, at Van Vleck and Turtle Bay, L. D. Cart- 
wright’ and A. L. Selig,’ respectively, had pointed out similar dis- 
agreements between the reflection depth predictions and actual sub- 
surface datums. Recalling the geophysical history of these three 
fields, the writer noticed that they had one significant feature in com- 
mon, for each had been recognized as a refraction anomaly prior to 
the discovery of oil. Since the refraction anomalies indicated the pres- 
ence of localized areas of abnormally high velocities, the exaggerated 
relief, predicted by reflection surveys, undoubtedly resulted from the 


3 Personal communication. 
4 Personal communications. 
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use of a uniform average velocity instead of the real, though unknown, 
sedimentary velocities. In such a case, the apparent reflection dips 
will be away from the center of increased sedimentary velocity. 

Of the three, Van Vleck was the most interesting, for the refrac- 
tion anomaly of record there was discovered by the Seismos about 
1924, with shot lines not more than three miles long, and with cor- 
responding penetrations not greater than about fifteen hundred feet. 
Alexander Deussen® has recently called attention to the fact that, 
about the same time, the Seismos also discovered a refraction anomaly 
with one mile shot lines over the then undiscovered Port Neches field. 
About three years later, this anomaly was formally rediscovered by 
the use of six mile shot lines. 


THE REFRACTION METHOD 


At this point, a historical review of the refraction method may 
well be in order. About 1923, the method was introduced into Mexico, 
on the basis of the depth calculation methods previously developed 
in the interpretation of earthquake travel times. Although at least 
one refraction depth prediction then made there is reported to have 
been confirmed by subsequent drilling, the method certainly did not 
come into general use.6 The method was then introduced into the 
Midcontinent, next into the fault zone, and finally into the Gulf 
Coast, in every case on the same working hypothesis that depth 
calculations could be made from the travel time curves, and that 
buried structure could be delineated thereby. 

In spite of all those trials, however, the method did not achieve 
outstanding success until L. Mintrop, of the Seismos, operating for 
the Gulf under the direction of L. P. Garrett,’ was able to show 
a marked difference between two refraction records, one recorded 
through the Blue Ridge salt dome, and the other, from the same 
shot point, recorded through undisturbed sediments. The exploita- 
tion of this refraction technique, relying upon a lateral rather than a 
vertical change, continued to 1931, and resulted in the discovery of 
many shallow salt domes in the Gulf Coast Embayment. 

The possibility of depth calculations from refraction travel times 
was brought up again in 1928, with the thought that more consistent 

5 Personal communication 


6 Notes on the Early History of Applied Geophysics in the Petroleum Industry. 
E. DeGolyer, Journal of the Society of Exploration Geophysics, Vol. VI, No. 1, July 


1935, PP. 3-4. 
7 Personal communication. 
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success would follow from the experience and apparatus improve- 
ments accumulated since the eariier, inconsistently successful, trials 
in 1924. The retrial of refraction depth calculations was made, in the 
Permian Basin from 1928 to 1930, with apparent success in predicting 
buried structure associated with the oil fields at Tubb’s Ranch, 
Hobbs, and Monument. However, as was the case in Mexico about 
five years earlier, this success did not continue, and so the method 
was quietly discarded, with the working hypothesis, to all intents 
and purposes, still valid. 

By 1928 or 1929, the Gulf Coast had been swept fairly clean of 
the shallow salt domes, and the refraction method was entering the 
indecisive stage. But, since deeper salt domes had been found, the 
shot recorder distances were extended in order to probe for others 
of this type. The net result of this longer line exploration was the 
discovery of many localized areas of higher sedimentary velocities, 
which, in view of the reasonableness of the depth calculation hypoth- 
esis, and its apparent success in the Permian Basin, were quite plau- 
sibly explained by the uplift of the older, higher speed, beds by more 
deeply buried domes. 

About this time, drilling showed definite subsurface relief at two 
recognized refraction anomalies, Iowa and Conroe, apparently 
confirming this hypothesis of refraction anomalies resulting from 
uplift. However, dry holes resulted when other similar refraction 
anomalies were drilled, even though more elaborate formulae had 
been devised for making refraction depth predictions. With the ad- 
vent of low priced crude oil, which followed the discovery of the 
East Texas field, the method, with its attendant high operating 
costs, was discarded, remaining, in an emasculated form, for making 
weathering corrections in reflection depth predictions. 

In the light of the past five years of exploration and development, 
the postulated relationship between refraction anomalies and uplift 
appeared much less satisfactory in 1937 than it had in 1931. The 
basic hypothesis was that shortened travel times resulted, primarily, 
from the uplift of older, higher speed, beds. Reviewed in 1937, after 
the intervening exploration and development since 1931, the status 
of depth calculations, from refraction travel times was as follows. 

1. Refraction anomalies of the same order of magnitude were 
found to be associated with uplifts of material relief (Iowa, St. Martin- 
ville, LaFitte), and also with uplifts of very little relief (Turtle Bay, 
Van Vleck). 
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2. Uplifts of the same order of magnitude were found associated 
with appreciable refraction anomalies (Iowa, St. Martinville, La- 
Fitte), and also with small refraction anomalies (Anahuac, Manvel). 
The most striking illustration of this situation was at Dickinson, 
when, in the same refraction survey, a refraction anomaly was found 
north of the later discovered graben, but not south of this graben, 
yet the north and south uplifts show about the same relief on the 
subsurface. 

3. On two uplifts of appreciable magnitude (Iowa and Charen- 
ton), the associated refraction anomalies were found, later, to center 
on the down thrown side of the major faults crossing these uplifts. 

In view of these paradoxical results, the generally assumed hy- 
pothesis, of anomaly resulting from uplift, though quite reasonable in 
itself, and so a necessary consideration, was certainly not alone, 
sufficient. Some other factor, though as yet unrecognized, was affect- 
ing the travel times to a degree at least commensurate with the 
actual effect of the uplift of the older, higher speed, beds. The writer 
recalled that, about 1929, an alternative hypothesis had been sug- 
gested by H. C. Cortes, to the effect that the higher acoustic speeds 
observed over deep seated domes might be associated with the indu- 
ration in the overlying sediments. 


DOME DIGGING 


This induration was familiar to the drillers of a generation ago, 
and was described by them as ‘“‘dome digging.”’ Of late, this phenom- 
enon has certainly not been as noticeable, and its actual existence 
has been considered as open to question. Ben Belt® has recently said, 
however, ‘“‘The phenomenon of ‘dome digging’ was readily recognized 
by earlier drillers making hole with ‘coffee pot’ rigs and fishtail bits, 
but is no longer as readily recognized in these days of dreadnought 
rigs and rock bits. It is a matter of record, however, that the incentive 
behind the development of the rock bit was the frequent abandon- 
ment of wells at Goose Creek, in the quartzite often encountered at 
1200 feet, above the pay at 1400 feet. Furthermore, even today, 
rock bits find some measure of difficulty in penetrating the frequently 
silicified Lissie at 800 feet over the Thompson oil field (Brazoria and 
Fort Bend Counties, Texas).”’ 

At the writer’s suggestion, G. H. Rabson® has undertaken a study 


8 Personal communication. 
9 Physicist, Subterrex. 
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of shallow drilling rates for wells already drilled over two low relief 
structures, at the Van Vleck oil field (Matagorda County, Texas), 
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and the Tepetate oil field (Acadia Parish, Louisiana). Due to the 
inadequacy of the records available, his conclusions must be recog- 
nized as qualitative, but do lend support to the existence of local 
induration at shallow depths over these deep seated, low relief, fields. 
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The writer suggests that if better data on shallow drilling rates can 
be secured, more quantitative conclusions can be drawn, resulting 
in additional evidence for the induration overlying buried structure. 
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FIG. 2 
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As a matter of illustration, Rabson’s data on average drilling 
speeds at 800 feet are shown in Fig. 1 for the Van Vleck field, and in 
Fig. 2 for the Tepetate oil field. These data were secured from a study 
of the drilling records for the time when hole was being dug for the 
first strings of casing, and the drilling records used were those for 
wells drilled prior to this study. These analyses show that the drilling 
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rates at about 800 feet are definitely lower over these fields than in 
the immediately surrounding territory, and that ‘dome digging”’ is 
a present day phenomenon, though reduced in degree compared to 
its past obviousness. 


EFFECTS OF STRATIGRAPHIC VELOCITY CHANGES 
IN REFLECTION SURVEYS 


The exaggerated relief shown by reflection dip surveys over 
Bosco, Van Vleck, and Turtle Bay had parallels at the Tepetate,!° 
South Elton, and Sandy Point" oil fields, for exaggerated relief pre- 
dicted from some one reflection dip survey is of record in each case. 
These unduly favorable predictions undoubtedly resulted from the 
failure to consider the localized increases in sedimentary speeds over 
the structures, and similar explanations very probably hold for other 
prospects where anomalous but erratic reflection dips have been 
observed. 

The recent trend towards continuous profiling has taken place in 
the hope that faulting and low relief structures can thereby be found. 
It is interesting to consider how these stratigraphic variations may be 
indicated by closely spaced data such as result from continuous 
profiling (Fig. 4). 

In a normal section, the reflections probably come from the shale- 
sand and sand-shale interfaces, the sand body being normally the 
low speed bed. If the effect in question is present, and the sand-shale 
interfaces are assumed to remain horizontal, lateral local induration 
can cause a local increase in the velocity of the sand section. Then, 
the shale (on top)-sand interface will be, normally, a velocity change 
from high to low, but at another point, zero velocity change, and 
still further along, a velocity change from low to high. So, along a 
horizontal interface, it is quite possible that an otherwise competent 
reflection will suddenly disappear, than reappear, but 180° out of 
phase, and yet be characteristic of the same interface. 


10 Vide Geology of Tepetate Oil Field, M. Bornhauser and F. W. Bates, Bulletin of 
the American Association of Petroleum Geologists. Vol. 22, No. 3, March, 1938, pp. 
285-305, for a comparison there of the reflection depth predictions with the later 
determined subsurface datums. 

11 At the Sandy Point oil field, with about fifty feet of actual subsurface closure, 
one reflection interpretation had predicted about one hundred feet of closure, indicat- 
ing a localized area of higher sedimentary velocities in the overlying sediments. We 
anticipated that this stratigraphic change could be shown by an electrical transient 
survey, the results of which are shown in Fig. 3. 
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In reflection dip surveys, it is not unusual to find very localized 
‘‘wash-boarding”’ confined, perhaps, to a single shot point. A parallel 
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case is that of the East Segno oil field, where a localized Eltran anom- 
aly was observed just as the discovery well was brought in. The 
localized extent of production is illustrated in Fig. 5, with the second 
producing well and limiting two dry holes drilled subsequent to the 
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Eltran survey. Though other cases of one or two well fields (Kosse, 
Reeves, Splendora) are not necessarily of economic importance, it is 
believed, that for the first time, such localized structures can be recog- 
nized in advance. 

At first thought, these velocity changes may appear unreconcil- 
able with the general impression that such changes in stratigraphy 
do not exist. Unfortunately, we have no well velocity determinations 
at hand which would yield direct evidence. Indirect evidence is at 
hand in the way of observed refraction anomalies, and in the appar- 
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ent error in reflection depth predictions. In order to yield an exag- 
gerated relief of, say, 150 feet at a depth of 7500 feet in the usual 
Gulf Coast sedimentary column, a change of only about 2 per cent 
in the average vertical velocity would be required. And while no 
experimental data are at hand which might indicate the amount of 
induration required to effect this velocity change, it is interesting to 
note that Born and Owen” report laboratory measurements which 
show that the addition of only two or three per cent of moisture by 
weight reduced the bar velocity of sound in a slab of Amherst sand- 
stone from 7500 feet per second to about 4500 feet per second, a de- 
crease of 47 per cent. It is conceivable that the reduction of pore 
space by silicification might well prevent such a velocity decrease by 
reducing the chance for water logging, and at the same time actually 
result in an increase in the dry bar velocity. 


12 Effect of Moisture upon Velocity of Elastic Waves in Amherst Sandstone. W. T. 
Born and J. E. Owen, Bulletin of the American Association of Petroleum Geologists, 
Vol. 19, No. 1, January, 1935, pp. 9-18. 
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SOIL HYDROCARBON ‘“‘HALOES”’ 


Another interesting effect of these stratigraphic variations over 
structure has been observed in prospecting by studying the hydro- 
carbon content of surface soil. Earlier prospectors recognized that gas 
seeps tended to occur in a halo, or aureole, around several Gulf Coast 




















FIG. 5 


SUBTERREX 
ELTRAN SURVEY OF 


SEGNO AREA 


POLK COUNTY TEXAS 
JUNE & JULY 1937 


SCALE 
1008" [a a 
e va (a? 





oil fields. L. P. Garrett!® has pointed out that his 1906 map,” out- 
lining the Goose Creek oil field, was based on such a distribution of 
gas escapes, and has commented upon similar occurrences at Humble 


13 Personal communication. 

14 Goose Creek Oil Field, Harris County, Texas. H. E. Minor. Geology of Salt 
Dome Oil Fields, E. DeGolyer and others, Publication of the American Association of 
Petroleum Geologists, 1926, pp. 546-548. 
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and Sour Lake. That such haloes occurred, in spite of the shallow 
but phenomenal accumulation at these fields, indicates that this local 
stratigraphic variation existed at very shallow depths, and acted like 
an imperfectly seated cork in a bottle of beer. 

In recent studies of the occurrence of hydrocarbons in the soil 
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over Gulf Coast oil fields, similar phenomena have been observed, as 
shown in Fig. 7 (South Elton). 

We have been studying the distribution of soil hydrocarbons over 
and around the Hastings oil field, and find evidence of a halo outside 
of and separated from production together with appreciable amounts 
of soil hydrocarbons agreeing very closely with production. Since 
there is some reason to believe that induration exists in the sediments 
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overlying production there, this situation is paradoxical, for the 
explanation of the halo presupposed that the induration over produc- 
tion would act like a “‘cap rock”’ or cork in a bottle. In equilibrium 
one or the other should be present, but not both. That the present 
existence of both at Hastings in transitory is shown in Fig. 6. where 
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18 The simple case of leakage from a buried oil field would result normally in a dis- 
tribution of hydrocarbons at the surface of the earth which would follow a curve with 
the maximum concentration immediately above the center of the oil field. However, 
this mineralization apparently reduces the permeability of the affected sediments, so 
that instead of a maximum, a minimum is usually found over production (Fig. 8.) 

Summary of the Experimental Work on Gas Survey. V. A. Sokolov, Moscow, 
Neftyanoye Khozyaystvo, Vol. 27, 1935, No. 5, pp. 28-34. 

The Gas Survey Deserves a Wide Use, G. Mogilevskii, Moscow. Neftyanoye 
Khozyzystvo, Vol. 27, 1935, No. 5. pp. 35-37: 
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the soil ethane concentrations along a north-south profile at Hastings 
are shown for two determinations about six months apart, and when 
appreciable development had taken place in the interim. The com- 
parison of the two runs shows that the presence of soil hydrocarbons 
over production is of recent appearance, and so Fig. 6 represents a 
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true paradox, a halo surrounding a “‘cap rock” leaking at the rate 
of about 10,000 barrels of oil a day. Eventually the halo should disap- 
pear, as it has done at Humble, for the large pre-discovery gas seeps 





Methods of Interpretation of Gas Survey, V. A. Sokolov, Moscow. 1936. 

A New Geophysical Prospecting Method, Especially for Deposits of Hydrocarbons. 
Dr. G. Laubmeyer, Kassel, Petroleum, Vol. 29, 1933, No. 18, pp. 1-4. 

The Question Concerning the Interpretation of Gas Analysis, V. A. Sokolov, 
Neftyanoye Khozyaystvo, No. 12, 1937. 
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observed there are no longer of record. These data suggest that trials 
of such “‘direct methods” over producing oil fields may lead to unduly 
favorable conclusions as to the possible finding power of these meth- 
ods, for the contamination of the soil by escaping hydrocarbons is a 
dynamic, not a static, condition. 


OTHER GEOLOGICAL PROVINCES 


While our study of these stratigraphic variations has been limited 
to the Gulf Coast, it is not improbable that similar stratigraphic 
variations over structure will be found in other geological provinces. 
For instance in East Texas, the Long Lake and Malakoff structures 
were recognized as refraction anomalies in 1927 and 1928, although 
the penetration was small, and very little relief exists in the Pecan 
Gap chalk. In 1935, an Eltran anomaly was recognized at Talco 
over production. In 1934, the Hugoton Gas Field, in Kansas,’ was 
recognized as a resistivity anomaly, although the accumulation has 
been reported as stratigraphic rather than structural. At the time the 
anomaly was explained as due to the resistivity of the gas in place, 
an interpretation perhaps subject to investigation, for electrical logs, 
now available, indicate that neither gas nor oil, in the sand, have 
markedly high resistivities. 

In the same paper, an electrical survey in Anderson County, 
Kansas, indicated the presence of not one but two localized buried 
insulators, one below the other, though no deeper structure or trap 
is of record. 

At the Cromwell oil field, Oklahoma, anomalous faulting and 
mineralized fissuring have been reported!’ at the surface, and also, 
in California, sulphur and calcite crystals have been reported in the 
surface soil over Lost Hills oil field.’ In the Permian Basin, at the 
Jal gas field, Eltran anomalies have been observed, at depths of 
about five hundred feet, over the producing areas, suggesting the 
presence of stratigraphic “‘cap rocks,’’ which may have been respon- 


6 Deep Electrical Prospecting. J. C. Karcher and Eugene McDermott, Bulletin 
of the American Association of Petroleum Geologists, Vol. 19, No. 1, January, 1935, 
pp. 68-73. 

17 Cromwell Field, Seminole and Okfuskee Counties, Oklahoma. Structure of 
Typical American Oil Fields. A. A. Longworthy, Publication of the American Associa- 
tion of Petroleum Geologists, Vol. II, 1929, pp. 300-14. 

18 Physical Properties of Petroleum in California. Joseph A. Taff, Problems of 
Petroleum Geology, Publication of the American Association of Petroleum Geologists, 


1934, Pp. 196-197. 
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sible for the shortened refraction travel times observed there in 1928, 
and which were interpreted then as entirely due to the presence of 
the uplift. 


ERRORS IN GEOPHYSICAL DEPTH PREDICTIONS 


Now, geophysical depth predictions usually are based on the as- 
sumption that locai lateral variations in the intervening media are 
negligible. The validity of this assumption is highly questionable in 
view of the evidence of stratigraphic variations shown by shallow 
drilling rates, electrical transient anomalies, and shallow refraction 
anomalies over deep seated, low relief, fields. 

The use of data, obtained at the surface of the earth for indirect 
depth predictions, involve assumptions as to the properties of the 
intervening strata. If the drill indicates that the depth predictions 
are in error, then the error in prediction is significant, for it is a meas- 
ure of the inaccuracy of the assumptions made in prediction, and, 
so, is a measure of the unanticipated properties of the intervening 
media. Thus, when actual subsurface datums show less relief than 
that predicted from refraction or reflection data, then the errors in 
prediction outline areas within which the sedimentary acoustic speeds 
are higher than normal. The descriptive units used may be quite 
unsuitable, for depths below sea level are not a scientific way of de- 
scribing feet per second. To the uninitiated, contours on a two-di- 
mensional map represent, quite logically, two-dimensional phenome- 
non, but to us, habituated to structural prospecting, contours on a 
map are read, invariably, in terms of three-dimensional phenomenon. 
Mr. DeGolyer called attention, several years ago, to this tendency, in 
his paper on ‘“‘The Seductive Influence of the Closed Contour.’’!® 


THE FORMATION OF THESE STRATIGRAPHIC VARIATIONS 


As to the mechanism by which this mineralization takes place, 
the following comments are in order. 

First of all, the occurrence of hydrocarbons in surface gas seeps 
and in surface soils, together with the existence of the buried salines 
described by Minor,”° are good evidence for the vertical migration, 


19 The Seductive Influence of the Closed Contour. E. L. DeGolyer, Economic 


Geology, 23 (6) :681-682, Sept.—Oct. 1928. 
20 Oil-Field Waters of the Gulf Coastal Plain. H. E. Minor, Problems of Petroleum 
Geology, Publication of the American Association of Petroleum Geologists, 1934, pp. 


891-893. 
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across bedding planes, of hydrocarbons and mineralized ground 
waters. 

At Charenton and Dickinson, the refraction anomalies of record 
have since been found to be associated with complex faulting, so that 
obvious paths for this vertical migration are at hand. However, at 
Van Vleck and Turtle Bay, no such complex faulting has been re- 
ported, although refraction anomalies are also of record at these 
two places. 

Now, the accepted evidence for the faulting at Charenton and 
Dickinson is the displacement indicated by electrical logs and sub- 
surface paleontological studies. In the strict sense of the word, how- 
ever, displacement is not a necessary condition of faulting, for a 
joint or fissure across the bedding planes can be considered as a fault 
of zero displacement. In other words, the failure to observe displace- 
ment does not eliminate the possibility of faulting over production 
at Van Vleck and Turtle Bay, for all that can be said is that, within 
the limits of observation, no displacement along possible faults has 
been observed over these two fields. The refraction anomalies there, 
together with the slower drilling rates over Van Vleck (Fig. 1), indi- 
cate that shallow mineralization has taken place, pointing to the 
existence of jointing and fissuring along which observable displace- 
ment may not have taken place. 

Now, since shallow mineralization has been observed over both 
high relief and low relief structures, it might be associated with the 
event common to all structures, the stage of incipient uplift. All of 
us have, of late, observed that these sediments tend to break rather 
than bend. In view of this tendency, it is not unreasonable to con- 
sider that the arching or bowing due to incipient uplift is relieved by 
jointing and fissuring rather than even a minute amount of stretching. 
Later uplift, along the same, or nearly the same, axis, would cause 
further bowing which would probably result in displacement along 
the joints previously established by the incipient uplift. Further, it 
is conceivable that uplift along another axis might result in a simpler 
system of joints and resulting faults. However, if little or no uplift 
took place after the stage of incipient uplift, the original system of 
joints and fissures would remain, with little or no displacement, re- 
sulting in a “chimney way” undetectable by our usual methods of 
recognizing faulting by displacement. 

The writer’s knowledge of sedimentary and stratigraphic processes 
is limited to the determination of bulk physical properties in place, 
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so that he is at a loss as to offering an explanation for the apparent 
propagation of this system of joints upwards into sediments which 
may have been laid down after the stage of incipient uplift. Perhaps 
there is a volume increase associated with this mineralization, which 
could, in effect, repeat the original incipient uplift without requiring 
later uplift of the underlying beds. 


STRATIGRAPHIC VARIATIONS AS PROSPECTING OBJECTIVES 


However, there is no gainsaying the fact that shallow and detect- 
able stratigraphic variations do exist in the sediments overlying even 
low relief fields, and that their proper exploitation should result in 
the discovery and recognition of many low relief, deep seated, folds 
which may have been indicated, but not fully recognized, in our 
prospecting to date. Particularly in the case of salt water covered 
areas, where it is difficult to expect electrical methods to operate, it 
is not unreasonable to anticipate a revival of exploration by refrac- 
tion methods,”! for localizing and confirming these stratigraphic clues 
to buried structure. Shot recorder distances of not more than three 
miles would probably be sufficient, and it may even be possible to 
use the continuous method of excitation® which has recently received 
some consideration. 

However, attention is called to the fact that these shallow strati- 
graphic variations are of interest primarily as clues to underlying 
structure, and only secondarily as to the detailed nature of them- 
selves. That is, at present, it is difficult to see any real economic im- 
portance in the determination of the depth, thickness, or nature of 
these stratigraphic variations, for we expect to produce oil not from 
them, but from the underlying traps. Consequently, while we may be 
interested scientifically in the verification of the existence and loca- 
tion of these stratigraphic variations, from a discovery standpoint, 
we are, or should be, primarily interested in the detection of these 
important clues by the methods which are most economical in cost 
and time, for the extremes in viewpoint represent the eminent stratig- 
rapher and the successful prospector. 


21 This prediction is supported by the recent discoveries at Raceland and Des 
Allemands, LaFourche Parish, Louisiana, by the Geophysical Research Corporation 
for the account of the Amerada Petroleum Corporation and the Louisiana Land and 
Exploration Company, which resulted in the recognition of these two areas as anoma- 
lous during a reconnaissance refraction survey in 1935. 

2 U.S. Patent No. 2,089,983, Norman H. Ricker. 
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THE EMPIRICAL NATURE OF PROSPECTING 


This conclusion involves no disrespect, for, since we have not 
been able to reduce the works of Nature to a laboratory scale, our 
prospecting is fundamentally empirical. We hunt for oil, yet are not 
in complete agreement as to whether it is of animal, vegetable, or 
mineral origin. We have been exploring, primarily, for the traps in 
which oil may be contained, though as to the mechanism of trapping, 
we still discuss formation in place versus lateral or vertical migration. 
We hunt for salt domes, not because oil is found in salt, but because 
oil may be found in traps which may exist on or around the salt, yet 
we still do not know the age of that salt. Salt domes have been lo- 
cated as a result of wells drilled on both topographic highs and topo- 
graphic lows. Though the rock salt is an excellent insulator, still, to 
the prospector, one of the outstanding electrical characteristics of a 
salt dome is the resulting low resistivity of the surrounding sedi- 
ments.”* We must, then, retain a high degree of elasticity in our work- 
ing hypotheses, and always treat available data with a measure of 
respect at least proportional to the validity of that data. Finally, 
established, but as yet unexplained, phenomena merit careful and 
continuous consideration, for the solution of such problems, even by 
analogy and empiricism, may prove to be important clues to prospect- 
ing methods of the future. 


DISCUSSIONS 


W. ARMSTRONG PRIcE: The geological implications of the geophysical interpreta- 
tions here presented are impressive in number and in their coordination. An important 
test of a scientific discovery is that it reveal a coordination of features not previously 
seen to be related. 

Some of the apparently more or less unrelated features coordinated by Rosaire’s 
paper are: 

1) Induration of beds over a stratigraphic upwarp, or “structure.” 

2) Occurrence of topographic mounds over some buried “structures.” 

3) Speed of drilling in the shallow beds with light equipment. 

4) Formation of some cemented beds or ‘‘cap rocks.” 

5) Fissuring and jointing. 

6) Faulting. 


23 Independent evidence for the existence and exploration importance of such 
“buried salines” has been presented by H. E. Minor, in Problems of Petroleum Geol- 
ogy, Bulletin of the American Association of Petroleum Geologists, 1934, pp. 891-893. 
and W. Armstrong Price’s reports of the increased salinity in the oil field waters of the 
Mexia Fault zone oil fields. (Gulf Coast Oil Fields, Bulletin of the American Association 
of Petroleum Geologists, 1936, pp. 290-291.) 
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7) Upward migration of gas, oil and water. 

8) Occurrence and local pattern of distribution of seepages and shallow lying resi- 
dues of oil and gas. 

Some of the lines of geological investigation suggested by this paper are susceptible 
of direct attack, including differential induration of shallow beds in relation to dias- 
trophic structures; the relation of the occurrence of topographic mounds to both the 
induration and to “structures” of low relief, the problem being attacked from the 
statistical standpoint; similarly the relation of shallow lying residues of oil and gas to 
the features previously enumerated. 

If the explanation here offered of the development of low topographic mounds over 
buried structures, some having only slight structural relief, is correct, then the useful- 
ness of detailed topographic maps of small contour interval is seen. It has been found 
that, in the gently sloping, uneroded coastal prairies of the Gulf Coast, 1-foot contours 
reveal the typical normal topography of an area so that abnormal elevations associated 
with buried “structures” may be recognized, but that 5-foot contours may not, and in 
many cases do not at all clearly reveal either the normal or the abnormal. The recogni- 
tion and mapping of this gently developed plains topography is not satisfactorily done 
with the eye, if at all, until after familiarity with it has been gained in extensive areas 
of similar type. 

This paper merits wide attention by oil geologists, geomorphologists, and by 
geophysicists working in both the economic and “‘pure’’ fields of earth investigations. 


I. I. GarpveEscu: Lithological studies of the sediments deposited in the vicinity of 
some of the Gulf Coast Salt Dome structures reflect certain tendencies that would cor- 
roborate Dr. Rosaire’s observations of geophysical anomalies. 

These studies show that the sorting of clastic sediments was affected by the sub- 
sea topography of the area of deposition, which in turn was affected by the movement 
of the salt mass. There seems to be a larger percentage of coarser clastic material and a 
greater development of the coarser-grained formations on the ridges or uplifted areas 
of the structure and a greater development of the fine-grained formations in the troughs 
or sunken portions of the structural area. This sedimentary differentiation has to be 
considered as a depositional feature and indicates that the differential movement of the 
salt affected the sub-sea topography, causing slight ridges and troughs, the ridges 
representing the positive areas of uplift of the salt. Thus, in the West Columbia, Texas, 
salt dome, the marine group of shales and gumbos known as the “‘Middle Fleming”’ or 
Middle Miocene formation shows a variation in thickness of 160 feet (Fig. 1) among a 
group of four wells located in a relatively small area to the north of the salt dome. The 
increase in thickness is decidedly a depositional feature and is not the result of change 
in dip or shearing. The shale group increases in thickness towards the “low” structural 
areas, but not necessarily in a radial direction to the dome. Compensating the thicken- 
ing of the marine shale group is the thickening of the marine sand group occurring im- 
mediately below the Middle Fleming shales, in the direction of the “high” or uplifted 
areas of the structure. The well logs show not only a thickening of the entire sand zone 
but also an increase in the percentage of effective sand in the sand zone corresponding 
to the thickening of the zone. 

These phenomena have been observed not only in the Gulf Coast salt domes but 
also in the Rumanian salt domes. Professor Mrazec, former Director of the Geological 
Institute of Rumania, called attention to the phenomena of “thinning” of the shale 
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members in the uplifted areas, and referred to it as diapirism but attributed the 
phenomena to tectonics. 

Since a ‘‘positive area” caused by the uplift of salt will continue its upward differ- 
ential movement, it will always tend to produce a topographic “‘high” and affect the 


GROUP OF WELLS SHOWING CONVERGENCE 
OF MIDDLE FLEMING 


FEET 
7004 


600 


3007 


2003 


1007 


100- 


200} 





MIDDLE 


300 FLEMING 


400] * 


LOWER 
FLEMING 





Fic. 1. Percentage-shale logs of 
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sorting of the sediments provided the conditions of deposition are suitable to such 
sorting. 

It is interesting to note that the “‘isopach” of the Middle Fleming in the area 
used as an illustration shows a pronounced sinuosity of the contours compared to the 
slightly sinuous structural contouring on top of the sand and that this pronounced 
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sinuosity representing the depositional character of the area agrees with the geophysical 
survey, as shown in Figure No. 2. 

Figure No. 3 is a drilling time record of one of the wells. It shows the very definite 
break between the Upper and Middle Fleming and between the Middle and Lower 
Fleming or the top of the oil sand. Only ‘‘drilling” time was used in the plot. The 
figure shows the slow drilling time in the sandy Upper and Lower Fleming groups and 
since these groups are thicker on the structural “high” areas, the result is a greater 
induration of those areas as a whole. Also, the greater original permeability of the 
coarser-grained sediments permits the circulation of larger volumes of water, causing 
a higher degree of mineralization and induration of the coarser sediments as suggested 
by Dr. Rosaire. 

The study of geophysical anomalies of the shallow depth formations should prove 
of interest, not only as a help to the location of deep-seated structures but also to the 
lithological studies of the sediments which are receiving increasing attention in the Gulf 
Coast area. This relationship, of course, would be limited to areas where the movement 
of the salt was such as to affect the topography of the depositional surface and only 
when the environment of deposition was favorable to the differential sorting of the 
sediments. 


A. A. SEAGER: During my residence in Southern Oklahoma I had occasion to note 
that over many of the structural features secondary cementation and leaching of the 
surface beds had occurred. A list of the structures exhibiting this phenomenon follows. 

In the Cement Field, Townships 5 and 6 N Ranges 9 and 10 W, Caddo 
County, Oklahoma, the White Horse Sandstone of Permain (Upper Double Mountain) 
Age is the surface formation. Normally this is a soft fine red and dark red series of sand- 
stones and siltstones. However, in the area of the Cement uplift the White Horse sand- 
stone is light gray, and so well lithified that it has been quarried and crushed for road 
metal. The uplift of this fold is over 100’ on the surface, which becomes many times this 
in the sub-surface expression, and some faulting is shown to be present in both the 
surface and subsurface. 

The Carter-Knox Field, Township 3N-Range 5W, Grady County, Oklahoma, is a 
faulted northwest-southeast striking fold mappable as a surface feature in Upper 
Permian red beds. Along the axis of the fold occurs a trace of fault-plane which is map- 
pable by calcite veining, and adjacent to which the ordinarily soft series of red shales 
and sandstones are well lithified and have a gray color. At the surface this change of 
color appears to be more extensive than the lithification. In the development of the field 
it has been reported that wells drilled on the crest of the structure took considerably 
more time than those on the flanks. Drilling has shown that the displacement of the 
fault is approximately 1800’ in Pennsylvanian beds. 

The Velma-Cruce Anticline is a major structural feature extending in a northwest 
direction from the northern portion of Township 2S-Range 5W, to the northeastern 
part of Township 1N-Range 6W, Stephens Couniy, Oklahoma. Change in color and 
lithification of the normally soft red beds is similar to that described for the Cement 
and Carter-Knox areas. Coincidental with the axis on the northeast portion of the fold 
is a surface fault having a displacement of nearly 50’, adjacent to which dolomitization 
of the Permian sandstone has taken place. . 

Secondary cementation and lithification of over-structures can easily be much more 
extensive and universal than heretofore recognized. It therefore seems logical that 
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there should be variations of velocity over structures, which would have considerable 
bearing on calculations, and would thereby tend to exaggerate the amount of uplift. 
Further, if faulting and lithification did not coincide with the axis of the fold, seismic 
results would not give a correct location for development. 

It seems to me problematical whether the harder, denser, and more uniformly 
cemented formations of the Mid-Continent region would allow enough leakage for the 
soil-ethane analysis to be workable. 

I shall be very much interested in keeping in touch with this interesting work as it 


proceeds. 


B. B. WEATHERBY: One of the purposes of a scientific paper is to provoke thought 
and discussion and Dr. Rosaire’s paper has admirably performed these purposes. More- 
over, he offers a plausible explanation for some effects which have been found with the 
electrical transient method—an explanation which does not do violence to the knowl- 
edge of and experience with previously existing electrical current methods. How it was 
possible to pick up the effects of deeply buried structure and faults with such current 
and potential spreads as are used in transient work was a most difficult question to 
answer and the feat, if possible, amounted almost to legerdemain. By bringing the 
effect of deeply buried structure much nearer the surface with his zone of mineralization 
Dr. Rosaire has clarified the problem greatly. Even so there may be some skeptics who 
will wonder whether it is possible, after taking into account the effects of surface and 
near surface conductivity changes which most certainly will profoundly alter the form 
of the electrical transient, to interpret in terms of geological structure any residual effect 
which may be due to somewhat deeper physical changes. 

In the verbal discussion of this paper at the end of its presentation in New Orleans 
attention was called to the fact that if there were localized areas of high velocity, 
whether due to compaction or mineralization, quite generally present over low relief 
structures then it was a blessing in disguise as it would permit the use of the reflection 
method in outlining structures of very low closure which could not be found with any 
degree of certainty without the existence of such an effect. Not only would the reflection 
method be greatly benefited thereby but short refraction profiles might again be used 
for exploration purposes. While a velocity increase undoubtedly occurs over many 
structures there is considerable evidence, which might be added to that given in the 
paper, which does not support these conclusions regarding the more or less universal 
and substantial size of this velocity effect. There is at least one correlation reflection 
map of Tepetate which was made before the first well was drilled in the field which 
shows very close to the right amount of relief. Work by different companies on some of 
the other structures such as Bosco, Van Vleck and South Elton do not show such exag- 
gerated relief and this suggests that possibly some of the effects mentioned are due to 
interpretative errors. On one deeply buried dome no refraction lead was picked up on 
three mile shots directly across the dome, only very small ones on three and one-half 
mile shots, the lead becoming somewhat greater and more definite on four mile shots. 
This would mean that the effects of compaction or mineralization were very small until 
a depth of approximately a mile was reached. 

The maps showing the variation in drilling speeds on an off-structure were very 
interesting and it is to be hoped that further work will be done in an effort to obtain 
more conclusive information on this subject. Of course, it will always be impossible to 
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obtain a sufficient number of off-structure points from which relatively high drilling 
speeds might be obtained to effect a completely conclusive comparison. It is almost un- 
necessary to point out that failure to control drilling torques, pump pressures, and 
weight on the tools would lead to very great variations in drilling speeds and that if 
these factors were controlled and known it is quite possible that drilling speeds might 
be of considerable aid both in making correlations of wells drilling on structure and in 
interpreting the data obtained from exploration wells. Variations in the above factors 
may account for the large discrepancies shown in some of the points on these maps and 
may make them appear much less conclusive than they otherwise might. 

The geophysical trend during the past few years has been toward deeper and deeper 
exploration with every effort being made to extend the resolving power of our existing 
methods. This is entirely logical because of the discovery of deeper and deeper produc- 
ing horizons often below marked unconformities. It may appear to be a backward step 
to turn to very shallow physical effects in order to predict these deeply buried traps but 
it must be remembered that the working hypothesis is that these shallow effects are 
due to much deeper structure. 

Most of the work done to date with the new methods has been over proven struc- 
tures or oil fields and very little data has been accumulated to show that the same type 
of anomalies does not exist where structure is absent. This is a necessary condition to 
their successful use as exploration tools. Finally it is to be hoped that more data will 
be brought forward either in support of or in opposition to the proposed hypothesis 
so that it may rest, if possible, on a firmer basis of physical fact. 


S. A. Jupson: One of the important features of this paper is that it brings attention 
to the presence of areas of shallow mineralization lying above structures and oil fields 
of small amounts of uplift and outlines methods of examination to detect such areas. 

During the period of search by surface examinations for shallow salt domes or for 
prospects for examination by geophysical means geologists found many areas of local 
mineralization which upon examination by gravity or seismic methods failed to show 
the presence of shallow domes, although some slight anomalies were quite frequently 
found on these areas. Several areas of this nature in the Gulf Coast of Texas, brought 
to attention of the writer something over twelve years ago were at the time classified 
as surface prospects favorable for exploration for shallow domes. The intensive ex- 
ploration during the past few years by gravity and seismic methods, followed by drilling 
on these areas, have shown that a considerable proportion of these prospects were 
structures or oil fields of comparatively small amounts of uplift, varying from the deep 
salt dome type to the fault type of structure. 

It is believed that intensive study of these local mineralized areas, both by the 
means proposed by Dr. Rosaire or by the application of other sciences suitable for such 
examination, will aid materially in locating structures and oil pools in the Gulf Coast 
of Texas and Louisiana, as well as in other regions where the type of sediment and 
structure allow sufficient upward migration of mineralized water or hydrocarbons. 











RECENT DEVELOPMENTS IN LABORATORY 
ORIENTATION OF CORES BY THEIR 
MAGNETIC POLARITY* 


EDWARD D. LYNTONT 


ABSTRACT 


During the past year further experimental work has increased the applicability 
of this method of orienting well cores by their magnetic polarity so that definite results 
now total approximately 60% of all cores tested, the presence or lack of heavy mineral 
grains being the depending factor. The most important developments have been, first, 
the elimination of human errors by making the recording apparatus entirely automatic 
and foolproof; second, the introduction of automatic and combined forward and re- 
verse runs on cores, which enables the operator to distinguish definitely between polar- 
ized mineral grains and material with susceptibility only. 


INTRODUCTION 


A paper published in Vol. 21, No. 5, May, 1937, of the Bulletin of 
The American Association of Petroleum Geologists, caused consider- 
able interest in this method of orienting well cores because of its 
simplicity, low cost, and the great advantage of choosing suitable 
cores from the trays of either a drilling or completed well. 

Experimental work has been carried on continuously by the 
Sperry-Sun Well Surveying Company and the Standard Oil Company 
of California with both real and synthetic cores to study further and 
determine the effects of polarity, susceptibility, or a combination of 
both, when forming the material of the cores to be tested. Synthetic 
cores were made up in various combinations of polarized and suscep- 
tible material. The combinations of the set-up were known to the oper- 
ator of the apparatus only. The curves obtained by the operator were 
interpreted by the author as well as by another engineer who like- 
wise did not know the set-up of the combination. After his interpre- 
tation, a comparison between the actual set-up and the interpretation 
showed errors of only 2° in the determination of the North-South 
direction and a definite elimination of susceptibility influences upon 
the determination of the North-South direction. 


* Read before the Society Annual Meeting, New Orleans, March 16, 1938. Manu- 
script received March 21, 1938. Published by permission of the Standard Oil Company 


of California. 
+ Petroleum Geologist, Research & Development Department, Standard Oil Com- 


pany of California. 
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The curves obtained from the synthetic cores were similar and 
typical to those obtained from sedimentary cores, indicating con- 
clusively the correctness and infallibility of the recording apparatus 
and method of interpretation. 

Considerable attention and research work were devoted to estab- 
lish a definite basis for the segregation of curves resulting from either 
polarity or susceptibility or a combination of both. A new method of 
automatic forward and reverse run was developed for this segregation, 
which method is now in use. 

Considerable research work was also done to determine how core 
samples should be handled after removing them from the core bar- 
rel, also to find any possible sources which might influence or change 
weakly polarized cores after leaving the core barrel and to find an 
efficient method of preserving core samples which consist of loose or 
soft formations which would not hold together long enough for the 


test. 
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1938 MAGNETIC CORE ORIENTER 


This machine does not differ in principle from the 1936 machine. 
Its construction and ease of operation, however, are far superior. All 
parts have been machined to an exactness of 1/3000 in. The elevator 
assembly, which raises the core to the bottom of the magnetic system, 
also raises the driving mechanism. There is a micrometer scale attach- 
ment on the top of the shield, which projects into the shield and en- 
ables the operator to set the height of the core at exactly the required 
height for the forward and reverse runs on the same core. 

The recording drum is of such dimensions that rotation of the core 
is accurately synchronized with the photographic record in terms of 
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degrees. Another feature is the auxiliary light beam which photographs 
a straight black line on the top edge of the paper, thus eliminating 
chances for error in inadvertently reversing the curve (Plate 1). 








CHARGED CORES 


Experimental work was done in charging cores by an electro- 
magnet both longitudinally and transversely. Prior to doing this, a 
run was made of each core for a record of its natural state prior to 
the tampering. 

One core was first placed in a strong magnetic field in such a way 
that the lines of force paralleled the long axis of the core. A re-run 
after this charge showed no change in the two curves. However, a 
core charged transversely will take on very strong polarity. Plate II 
shows a forward and reverse run of a natural oil well core polarized 
transversely in an electromagnet. A possibly polarized core barrel, at 
the end of a long string of pipe, has its effective pole some distance 
above it in the pipe. This removed pole causes the magnetic lines of 
force to pass longitudinally and not transversely, through the end of 
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the core barrel, precluding any magnetization of the core by this 
means which might change the true polarity of the mineral grains. 
Furthermore, core barrels manufactured of alloy steels such as chrome 
nickel have practically no magnetic properties. 





PLATE ii 





In Plate II, as in other plates of curves, the solid line represents 
the forward run of the core; i.e., the known top of core facing opera- 
tor, rotated clockwise. The dotted line is the reverse run; that is, the 
bottom side of the core is facing the operator and rotation is counter- 








PLATE Wl 


clockwise. Therefore, due to reversal of the core and the rotation, 
polarized material in the core will have opposing effects on the mag- 
netic system. This technique was first applied to the tops and bottoms 
of the cores in 1932 and abandoned when cores were run horizontally 
for the benefit of the added material along the longitudinal length of 
the core. 
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Plate III is a forward and reverse run of the synthetic core in 
which both polarity and susceptibility were introduced. The polarity 
effect is clearly shown in the divergence of the solid and dotted lines, 
while the susceptibility is clearly shown in the two peaks and valleys 
wherein the solid and dotted lines closely parallel each other instead 
of diverging. In the final analysis of the two curves, it is possible to 
eliminate the effect of susceptibility and place the poles on the curves 
quite accurately. 

Plate IV is a type curve from a natural core showing very good 
polarity. It was run forward and reverse below the magnetic system. 
This is the type curve always desired. Most curves are generally 








PLATE IV 


accompanied by susceptibility which increases the difficulty of inter- 
pretation. In this curve the polarity in the core is clearly shown by the 
divergence of the solid and dotted line curves. 


PREPARATION OF CORES 


The basis of the whole process depends on the quantitative amount 
of heavy minerals grains in the core, which should be apparent to any 
geologist. 

It cannot be stressed too strongly that if an operator wishes an 
oriented core, it is certainly worth his while to go to a little trouble 
in the preparation of his set of cores. Cores improperly or carelessly 
prepared at the well are of no benefit to the operator and involve the 
useless expense of orientation. The following general instructions have 
been issued to our own geologists and are repeated here for the benefit 
of others interested in orienting their cores. 

1. The core should be taken from the barrel as soon as it is re- 
turned to the surface by a geologist and marked at the time, top and 
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bottom. There is no objection to picking cores from the trays pro- 
vided the cores have not been disturbed or handled by scouts, and 
the bottom and top of the trays are clearly marked. It is again 
stressed here that the greatest source of error experienced in the past 
resulted from cores incorrectly marked as to tops and bottoms. 

2. Many cores have been received without any bedding in them 
whatsoever. Such cores are of no use for determining strike or direc- 
tion of dip. There is perhaps an exception to this when the top and 
bottom of the core break off along a bedding plane. In such cases, a 
notation by the geologist on the envelope containing the core should 
be made stating that the top or bottom, or both, are bedding planes 
and can be used as such when there is.a lack of them in the core itself. 

Flat bedding planes in a vertical hole cannot be oriented except 
insofar as the North and South side of the core can be shown. Flat 
bedding planes in a deviated hole can be oriented provided the angle 
and deviation is given. 

3. The minimum size of the dressed or ground core is 13” diameter 
and 23” in length. The larger the core, the better it is because of in- 
creased number of mineral grains. 

4. It is useless to send in for orientation certain types of materials 
which can be seen to contain no heavy mineral grains, for example, 
pure limestone and dolomite. Some limestones with shale partings, 
such as found in the Simpson formation in Oklahoma have sufficient 
polarity to be oriented. Shales, generally, have sufficient heavy min- 
erals of the ferro-magnesian group to give a polarized curve. Sands 
with the black heavy minerals distributed throughout, such as the 
Sespe (Oligocene) of California, are the most suitable. Any core con- 
taining magnetite will have good polarity and give excellent curves. 

5. When forwarding core samples, it is advisable to state the type 
of material, the age and stratigraphical position of the core taken, the 
depth at which the cores have been taken, also the inclination and the 
direction of the hole, if any, at the depth at which the samples have 
been taken. Records of this data are made and catalogued for the 
purpose of recommending to the geologists the stratigraphical hori- 
zons which are most suitable for this method of orientation. 

6. In certain localities, especially the Gulf Coast Region, consider- 
able difficulty has been encountered in cores disintegrating after they 
have dried out. A method has been devised to overcome this by the 
use of a cellulose acetate product known as “‘Kodapak,”’ manufactured 
by the Eastman Kodak Company. This is very similar to the cellulose 
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nitrate product known as “Cellophane,” but ““Kodapak” is believed 
to be slightly tougher and both moisture- and waterproof. It is inex- 
pensive and comes in rolls from 2” to 12” in width. 

Cores on coming out wet from the barrel will generally keep their 
shape. In the Gulf Coast of Texas and Louisiana, it is recommended 
that the core be first carefully washed of all drilling mud and other 
foreign substances. The clean core should then be dipped in Sherwin- 
Williams clear lacquer of vegetable compound and then wrapped 
tightly in ‘‘Kodapak”’ with the ends also protected. Due to the ex- 
treme transparency of the ““Kodapak,” the wrapped core need not be 








disturbed as all bedding is visible. The ends of the cores are cemented 
with plaster-of-paris, into which holes for rotating the core are drilled. 
Experimental runs on lacquer-dipped cores wrapped in “Kodapak”’ 
have been made and this wrapping does not affect the magnetic sys- 
tem. Also runs on unground cores and then on the same cores after 
being dressed show no variation in the two different curves. 

7. Cores prepared for orientation by the operator should never be 
left in the vicinity of any direct current stray field. Recently a core 
was received and run in our laboratory which gave two beautiful and 
very strongly polarized curves (Plate V). In fact the curves were so 
perfect that they were immediately suspected of being unnaturally 
polarized by having inadvertently come in contact with a stray direct 
current field, because of its similarity to the type curve shown in 
Plate II, obtained from a natural core polarized transversely in an 
electromagnet. This deduction was further verified by running two 
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other cores within a foot of this unnatural core and obtaining only 
weakly polarized curves. 

Generally speaking, the requisites for obtaining satisfactory cores 
in the field for orientation are simple and the information possibly 
obtained, may be of inestimable value to the operator and geologist. 


CONCLUSIONS 


Research work over a period of ten years which includes the run- 
ning of over one thousand well cores with many variables as well as 
synthetic cores built to determine certain facts has definitely demon- 
strated that cores with even slight polarity can have their direction 
of dip determined. To date, approximately 60 per cent to 70 per cent of 
the cores can be worked, the remaining 40 per cent to 30 per cent be- 
ing unworkable due to lack of bedding or polarity or the material 
consisting entirely of susceptible mineral grains. In view of the fact 
that a set of five cores from a well, within a vertical depth not exceed- 
ing one hundred feet, is generally obtainable, it has been found that 
two and very often three cores give a sufficiently polarized curve for 
a correct determination of the direction of dip. 

Further research work is to be carried on especially with a view of 
determining the correct top-and bottom of an unknown core. If this 
problem can be solved, one of the hazards of correct core orientation 
will be entirely eliminated. 








CONTINUOUS ELECTRICAL PROFILING* 
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ABSTRACT 


Various electrical methods now used fall under two general headings—inductive 
and conductive. By use of the latter methods, any theoretical depth of current pene- 
tration may be obtained by employing a sufficiently great electrode separation. How- 
ever, masking effects are usually present, due both to polarization and to electrolysis. 
These factors may be minimized by use of a “pulse” of current having a predetermined 
time-current relationship; also bothersome inductive effects are minimized by employ- 
ing a slow-rising wave-front. The pulse is of long time interval to avoid any appreciable 
phase shift between the currents flowing along the surface (where the potential meas- 
urements are being made) and those flowing at depth (where the desired structural 
effect is to be obtained). Contrast and comparison is made between refraction seismic 
work and conductive methods of geoelectrical prospecting, with particular attention 
to the method of determining intensity-distance curves using a moving electrode. 
Optimum electrode configurations are described and briefly analyzed, as are the electro- 
lytic temperature effects. The theory, operating technique, and interpretative tech- 
nique of the continuous profiling method are given in detail. Diagrams and discussions 
illustrate the application of the method to detailed structural mapping, reconnaissance 
structural mapping, and fault location work. In some cases the method described is 
yielding satisfactory results in areas where other geophysical methods have failed to 
give interpretable data. The paper also presents a brief summary of the commercial 
work done during 1937 with the Jakosky pulse method. 


INTRODUCTION 


The need for new exploratory methods during the past few years 
has given an impetus to the development of methods which will 
operate on physical principles different from the other geophysical 
methods. The measurement of a different physical property often- 
times allows supplementary subsurface data to be obtained and in 
some cases allows new areas to be worked. Although various electrical 
methods have been applied for a number of years to shallow struc- 
tural investigations (notably for mining, water-supply, foundation 
and bed-rock problems) their use in deep structural mapping has been 
limited by complicating factors. 

This paper describes briefly certain improvements which have 
been developed in applying electrical methods to deep structural 
work, together with a general description of the interpretative tech- 
nique and field operations. Development of the method has been in 
progress since 1929, with active work in oil structure mapping start- 
ing in 1932. 


-* Paper read at Annual Meeting, New Orleans, La. March 15, 1938, 
{ Technical Director, International Geophysics, Inc., Los Angeles, Cal. 
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GENERAL CLASSIFICATION OF ELECTRICAL METHODS 


The electrical methods may be classified into two general headings 
depending upon the method of applying the energy to the earth; 
(1) inductive coupling, and (2) direct contact or conductive coupling. 
The first method utilizes medium or relatively high frequency alter- 
nating current flowing in a coil placed on the surface of the earth.! 
This alternating current creates an alternating magnetic field, which 
penetrates the earth and induces current to flow in the various strata. 
Analysis is made of these induced currents and the subsurface con- 
ditions thereby determined. Inductive methods of this type are often- 
times satisfactory for shallow investigations (300 feet or less for the 
location of strongly conductive masses, such as sulphide ore bodies), 
but need not be considered further in this paper dealing with a con- 
ductive method for deep structural mapping. The conductive meth- 
ods, utilizing direct contact with the earth are more efficient and any 
theoretical depth of current penetration may be obtained by employ- 
ing a sufficiently great electrode separation. 

From a fundamental viewpoint, all electrical methods having a 
direct contact with the earth operate by causing an electric current 
to flow through that portion of the earth included between and sur- 
rounding the two current electrodes and then determining the sub- 
surface distribution of current by studies made on the surface of 
the ground of some quantity which is associated with the flow of cur- 
rent. For instance, when direct current is employed, the quantity 
studied may be the potential distribution along the surface of the 
ground?‘ or the ratio of the potential (between two or more auxiliary 
electrodes at some particular location), versus the total energizing 
current.®§.7.8 The voltage-current ratio measurements are expressed 


1J. J. Jakosky, Operating Principles of Inductive Geophysical Processes, 
A.I.M.E. Vol. 81, 1929. 

J. J. Jakosky, Fundamental Factors Underlying Electrical Methods of Geophysi- 
cal Prospecting, Eng. & Min. Journal, 1928 (125) pp. 238 and 293. 

2 C. Schlumberger, Process for Determining the Nature of the Subsoil by the 
Aid of Electricity, U.S. Pat. No. 1,163,468, issued Dec. 7, 1915. 

3 C. Schlumberger, U.S. Pat. No. 1,719,786, issued 1916, Method for the Loca- 
tion of Oil Bearing Formations. 

4W. Weaver, Certain Applications of the Surface Potential Method, A.I.M.E. 
Vol. 81, 1929, p. 68-83. ; 

5 F. Wenner, A Method of Measuring Earth Resistivity, U.S. Bureau of 
Standards, Scientific Paper 258, 1915. 
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usually as “resistivity” after multiplying them by a factor, the value 
of which depends upon the configuration of the electrodes as well as 
their separations. When employing alternating current, the quantities 
to be measured may include those enumerated for direct current,?:!° 
and in addition studies may be made of the phase relationship between 
potential and current." Blau and his associates are doing work by 
the use of transient phenomena." Back-ionization and electrolysis 
studies associated with the flow of current during a given time inter- 
val have also been employed.'5.16 

One of the chief differences between a majority of these electrical 
methods is the type of energizing current which may be employed. 
Alternating current possesses many inherent advantages, with special 
reference to the ease with which current and potentials may be trans- 
formed and amplified. These advantages are minimized, however, by 
the lack of a satisfactory means for eliminating or calculating the ef- 
fects of phase shift and the redistribution of current caused by self- 
induction. The flow of electricity thrcugh the earth is due in major 
part to electrolytic conduction and in minor part of ohmic conduction. 





6 F. W. Lee, Measuring the Variation of Ground Resistivity with a Megger, 
U.S. Bureau of Mines, Tech. Paper 400, 1928. 

F. W. Lee, J. W. Joyce and Phil Boyer, Some Earth Resistivity Measurements, 
U.S. Bureau of Mines Circular 6171, Oct., 1929. 

7 B. Low, S. F. Kelly and W. B. Creagmile, Applying the Megger Ground Tester 
in Electrical Exploration, A.I.M.E. Vol. 97, 1932, pp. 114-125. 

8O. M. Gish and W. T. Rooney, Measurement of Resistivity of Large Masses 
of Undisturbed Earth, Journal Terrestrial Magnetism and Atmospheric Electricity, 
1925, Vol. 30, p. 161. 

9H. Lundberg and T. Zuschlag, A New Development in Electrical Prospecting, 
A.I.M.E. Vol. 97, 1932, p. 47-62. 

10C, A. Heiland, “Prospecting for Water with Geophysical Methods, Trans. 
Amer. Geophysical Union, 1937. 

1 E. S. Bieler and H. Watson, Apparatus for Use in Discovering Ore Bodies and 
Determining Ore Bodies, U.S. Pat. No. 1,794,666, issued March 3, 1931. 

12 E. H. Hedstrom and T. Zuschlag, Method of Determining the Direction of 
Alternating Ground Fields, U.S. Pat. No. 1,912,036, issued May 30, 1933. 

13, Blau, Method and Apparatus for Geophysical Exploration, U.S. Pat. No. 
I Q11,137, issued May 23, 1933. 

4. Stratham, Electric Earth Transients in Geophysical Prospecting, Gro- 
puysics, Vol. 1, No. 2, June, 1936, 

L. Statham, Method and apparatus for comparing electrical Transients, U. S. 
Patent, 2,113,749, April 12, 1938. 

16M. Muller, Gerlands Beitrige zur Angewandten Geophysik, Vol. 4, 1934. 

16S. Weiss, Journal Petroleum Technology, London, July, 1934. 
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Electrolytic conduction is not a wave motion but is a form of diffusion. 
The velocity of the ohmic conduction is inversely proportional] to the 
square root of the product of the inductive capacity and the magnetic 
permeability, and the attenuation varies as a power (greater than one) 
of the frequency. The velocity is always very much less than the wave- 
motion in air, and varies so greatly with the relative conductivities of 
the various strata that no satisfactory form of phase correction can 
be applied between the currents flowing at the surface (where the 
measurements are made) and those flowing at depth. This shift in 
phase varies in each different stratum and is a function of the relative 
electrical properties of the strata. Apparently, then, the best solution 
would be to employ as low a frequency as possible, or to use the limit- 
ing case, direct current. It was found, as predicted from theoretical 
considerations, that the lower the frequency, the less these inductive 
and phase shift effects and the deeper the penetration of current into 
the earth. However, at sufficiently low frequencies, or when using 
direct current, a further distortion of the theoretical current and sur- 
face potential lines becomes apparent, due to electrolytic phenomena. 


ELECTROLYTIC EFFECTS 


When direct current, or very low frequency alternating current, is 
passed into the ground two effects tend to mask the relationship be- 
tween surface distribution and the deeper subsurface distribution. 
These two major effects may be classed under the general headings of 
polarization and electrolysis. The flow of current from the metallic 
electrode to the earth in immediate contact with it, produces polar- 
ization, which causes a continually changing resistance between the 
electrode and the main earth mass due to the outward creep of the 
polarization field as the measurement progresses. These effects are 
not instantaneous, but are cumulative through a definite time inter- 
val which varies with the current and the electrolytic properties of the 
surface materials. 

These effects may be illustrated by reference to curve A of Fig. 1, 
which is a simplified trace of the flow of current between two elec- 
trodes imbedded at the surface of the earth. When the circuit is first 
closed, the current rises very rapidly to a maximum value, wherein 
the time of the rise is of the order of micro- or milli-seconds. The time 
will depend upon the electrical characteristics of the earth included in 
the measurements and the constants of the circuit connecting the two 
electrodes. In the application of one electrical method'*-“ studies are 
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made of this rapid current rise or “transient”’ effect and by analysis 
of the ripples contained in it predictions are made of subsurface struc- 
ture based on the theory!’ that the distribution of current in the 
various strata causes variations in the time-rate of current change. 
After these initial transient effects have taken place, the flow of 
current approaches a steady state and is governed chiefly by electro- 
lytic phenomena, which causes a very much slower change in the cur- 
rent flow. This second rate of change of current is a function chiefly 
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of the electrolytic properties of the earth included in the measure- 
ments, the magnitude of current and the length of time of current 
flow. This phenomenon is cumulative and gives rise to a slowly chang- 
ing resistance through the earth, and for that reason the term “‘resist- 
ance’’ as applied to the earth has no special significance unless ex- 
pressed as a function of the above variables. 

The erratic variations in “‘resistivity”’ which may be obtained by 
neglecting these factors are illustrated by the curves shown in Fig. 2; 
Curve A was obtained by passing any convenient value of current 
into the ground between the energizing electrodes and measuring the 


17 F, Ollendorf, in Archiv. Fuer Elektro-Technik, Vol. 23, No. 3, 1930, pp. 261-78. 
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resultant potential between two other electrodes. Curve B was ob- 
tained by employing a systematic relationship between the current 
value and the electrode separation, and maintaining substantially a 
constant time of current flow during each reading. The time between 
readings, however, varied unintentionally due to surface conditions. 
Note the change in apparent resistivity caused by suspending opera- 
tions for about thirty minutes for lunch. This figure illustrates the 


” 





— "00 
ELECTRODE MOVEMENT - FEET 


Fic. 2. Resistivity-depth curves: A, without, and B, with, control of time and 
intensity of current flow. 


necessity of controlling: (1) the intensity of current passed into the 
ground while making the measurements; (2) the time of current flow, 
and (3) the time between readings, if intermittent observations are 
being made; or the rate of movement of the electrodes, if continuous 
readings are being made. Effects (2) and (3) may be considered under 
a single classification dealing with effective time of current flow. 
These factors may be controlled satisfactorily by use of a “pulse” 
of current having a predetermined time-current relationship.!* Bother- 


18 J. J. Jakosky, U.S. Pat. No. 2,015,401, Method for Determining Underground 
Structure, issued Sept. 24, 1935. 
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some inductive effects are minimized by employing a pulse having a 
very gradual or slow-rising wave-front and of sufficient time interval 
to avoid any appreciable phase shift. In addition the method of meas- 
urement utilizes the ballistic principle. Usually a vacuum tube 
galvanometer system is employed for measuring the ratio of current 
to surface potential, to obtain the effects of the pulse of current. 

The most desirable form of wave shape for the work has been 
found to be the type illustrated by Curve B in Fig. 1, which is ob- 
tained by proper selection of inductance and resistance values in the 
external circuit connecting the two electrodes. In other words, the 
desired shape of the wave is determined by the electrical character- 
istics of the external circuit, and is not controlled by the internal earth 
circuit. This is the major fundamental difference between the pulse 
and the transient methods, as regards means for energizing the ground. 


COMPARISON OF ELECTRIC AND SEISMIC METHODS 


There is some similarity between refraction seismic work and those 
electrical methods wherein the current is applied conductively to the 
ground between two electrodes on the surface of the earth. In refrac- 
tion seismic work a mechanical disturbance is created at a point on the 
surface of the earth, and the resultant wave travels outward from the 
source point in all directions. By use of suitable time-measuring and 
wave-detecting apparatus, the velocity of the wave and its effective 
path through the earth are obtained by plotting the time-distance 
relationships. The curvature of the wave path is attributed to the in- 
crease of velocity with depth,!* and the desired depth of penetration 
can be selected by varying the distance between the shot point and 
the detector. These conditions are illustrated by Fig. 3A, where the 
points S,--- S, represent the locations of the seismic detectors. 
When the distance between the shot point and the detector is not too 
greast as compared to the thickness of the first layer Vi, then the 
waves which are recorded travel largely in the first layer. As the dis- 
tance between shot-point and detector is increased, the waves travel 
greater distances through the second layer Ve, with a resultant change 


19 B. Gutenberg, H. O. Wood and J. P. Buwalda, Experiments Testing Seismo- 
graphic Methods for Determining Crustal Structure, Bull. Seis. Soc. Amer., Vol. 22, 
1932, p. 185. 

B. Gutenberg, On some Problems Conserning the Seismic Field Methods, Calif. 


Inst. of Tech., Pub. 195, 1936. 
M. Muskat, The Theory of Refraction Shooting, Physics, Vol. 4, 1933, p. 14. 
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in time, due to the difference in the velocity of transmission of the 
two materials. This is shown by the break in the time-distance curve. 
Somewhat similar subsurface information could be obtained if meas- 
urements were made of the diminution of the intensity of the wave as 
it radiates outward from the shot point. In this case the interpretation 
would be based upon “‘diminution of intensity” ;i.e., intensity-distance 
curves, instead of time-distance curves. 

The electrical methods depend for their operation on passing an 
electric current through the earth, and then studying the resultant 
distribution of current from which predictions may be made of the 
subsurface conditions. The electrical studies theoretically may be of 
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Fic. 3. A, refraction seismic, time-distance graph, B, resistivity, 
intensity-distance graph. 


two types: (1) Determining the time-distance curves, or (2) deter- 
mining intensity-distance curves. In the first case it is necessary to 
provide time-measuring apparatus capable of accurate work in time 
intervals of fractions of milli-seconds, with equivalent rapid recording 
apparatus. In the second case, the intensity-distance relationships 
may be obtained under substantially steady state current conditions, 
thereby eliminating the effects of phase shift, redistribution of current 
caused by the so-called “‘skin-effect,” and the ultra high speed record- 
ing and detecting apparatus. This paper describes the application of 
a special form of the second type of electrical investigation; i.e., where 
intensity-distance studies are made by determining the potential drop 
versus electrode separation as one of the current electrodes is moved 
with reference to the other fixed current electrode with its two fixed 


potential electrodes. 
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OPTIMUM ELECTRODE CONFIGURATIONS 


The effective depth of current flow is controlled by varying the 
separation of the two current electrodes as may be illustrated by Fig. 
3B. When electrode M, is located a relatively short distance from the 
fixed power electrode, then a large portion of the total current will be 
confined to the upper layer p;. When the electrode has moved to 
greater distances the effective path of current flow will penetrate 
deeper and as the electrode separations increase, the current flow will 
migrate more and more into the underlying material, p2. This change 
in the path of the current flow will produce a corresponding change 
in the electrical properties as measured on the surface, with particular 
reference to the ratio of potential/current; where the potential is that 
created between two electrodes on the surface of the earth and the 
current is that flowing between the one stationary and the other 
moving current electrodes. The transition or change in slope of the 
depth-resistance curve occurs when the movement of the electrode 
causes the major flow of current to shift from the upper material to 
the lower material. In the case illustrated, the upper material is as- 
sumed to have a resistivity greater than the lower material. 

The literature describing electrical work does not clearly differen- 
tiate between the effective depth of current flow and a factor which is 
termed in this paper as “‘detectability.”’ This detectability factor is of 
importance because practically, it has been found that the potential 
studies must be made at distances sufficiently close to the current elec- 
trodes to allow measurable changes or anomalies to be noted over 
and above the sporatic earth potentials caused by natural “‘earth- 
currents” and other variables. Even when employing highly selective 
equipment it is seldom that reliable anomalies associated with sub- 
surface structure, can be obtained when the potential measurements 
are made at distances greater than about } or 3 the separation of the 
two current electrodes. Separations greater than this amount are un- 
desirable also because of the increasingly greater distortion of the 
equipotential surfaces surrounding the current electrodes. It is there- 
fore necessary that: (1) the separation of the current electrodes be 
sufficient to cause an appreciable portion of the current to penetrate 
to the strata in which the studies are to be made, and (2) the intensity 
or potential studies be made within the desired distance of the power 
electrodes. This can be accomplished by many different electrode 
configurations, perhaps the best known of which is the Wenner”? four 

20 F, Wenner, A Method of Measuring Earth Resistivity, Bull. U.S. Bureau of 
Standards, Vol. 12, 1916. 
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electrode system employing two current electrodes between which are 
placed the two potential electrodes. The four electrodes are placed in 
line and at equal distances apart, which means that the potential 
studies are made at a distance of 3 the separation of the current elec- 
trodes. The most efficient type of electrode arrangement is one wherein 
the distance between the power electrodes is progressively increased 
with the desired depthof investigation and where a good detectability is 
maintained by making the potential studies within the proper distance 
from the current electrodes. The results of prior electrical work and 
its attempts at mapping deep structural conditions should be judged 
by fulfilment of these two conditions. 

It has been proposed to employ electrical methods for the direct 
location of oil-bearing strata, on the theory that “rocks filled with oil 
and gas exhibit much higher resistivities than when filled with miner- 
alized water in the usual case.’’! It has already been shown that the 
oil never entirely replaces the connate water in oil sands,” and that the 
percentage of water which remains is sufficient to lower the resistivity 
of the oil sand to a value comparable to that which would exist if the 
rock were entirely water impregnated.” 


ELECTROLYTIC TEMPERATURE EFFECTS 


Prior mention has been made of the variations in depth of pene- 
tration with changes in the relative conductivity of the various sedi- 
mentaries comprising the subsurface. The changes in conductivity 
are due to variations in petrography, moisture or electrolytic content 
of the rocks, anisotrophy of the section, and temperature. 

The flow of electricity through the earth is by means of electrolytic 
conduction. The rock materials comprising the subsurface are in 
themselves of very high resistance. Due to their porosity and the 
hydrostatic table existing above the subsurface rocks, these subsurface 
materials are conductive because of their imbibed electrolyte. The 


21 J. C. Karcher and E. McDermott, Deep Electrical Prospecting, A.A.P.G., 
Vol. 19, No. 1, Jan. 1935, p. 64-77. 

22, H.C. Pyle and T. H. Jones, Quantitative determination of the conate water con- 
tent of oil sands, Amer. Petroleum Institute, Drilling and Production Practice, 1936, 
pp. 171-180. : 

R. Schilthuis, Conate water in oil and gas sands, American Institute Min. Eng. 
T. P. 869, 1938. . : 

23 J. J. Jakosky and R. H. Hopper, The Effects of Moisture on the Direct Cur- 
rent Resistivities of Oif Sands and Rocks, Gropuysics, Vol. 2, No. 1, Jan. 1937. 

R. D. Wyckoff and H. G. Botset, The flow of Gas-Liquid through Unconsolidated 
Sands, Physics, Vol. 7, 9, pp. 327-328. 
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electric current is conducted by this natural electrolyte, which is an 
aqueous solution of the various soluble mineral salts contained within 
the rocks. The factors affecting the conduction are those that affect 
electrolytic conduction in general, although the effects of these factors 
may be modified somewhat by the artificial conditions imposed by 
such rocks. Typical relationships between resistivity and percentage 
moisture for a few rock materials are given in a prior paper.” 

At the relatively low temperatures existing in the earth’s upper 
crust, with which we are concerned in geophysical measurements, the 
electrical conductivity increases with temperature, due largely to the 
increased ionization with the increase in temperature. Because of the 
large resistivity changes which take place with moderate changes in 
temperature, the shape and index characteristics of the electrical logs 
change with temperature variations. Changes of 10°F. in laboratory 
specimens will produce a decided change in the apparent resistivity. 
Comparable changes should be observed with lateral as well as verti- 
cal variations of the subsurface temperature. It has often been noted 
that the curves for different stations on and off structure change 
trends, and direct correlation by anomaly changes becomes difficult. 
Van Ostrand and others have shown™ that subsurface temperatures 
are appreciably higher over oil producing structures. The tempera- 
tures so observed are believed to be sufficient to cause the variations 
in the electrical data observed over structural highs. These electrical 
variations are often observed at relatively shallow depths (usually 
after penetrating below the aerated zone or permanent water table) 
which is again indicative of temperature effects. The effects of tem- 
perature on surface measurements are shown later in connection with 
Fig. 7. 

FIELD TECHNIQUE 


In the application of this method, advantage is taken of the fact 
that the effective depth of current penetration is a function of the 
distance between the current electrodes and the relative conductivities 


24 C. E. Van Orstrand, On the Estimation of Temperatures at Moderate Depths 
in the Crust of the Earth, Trans. Am. Geophysical Union, 1937, pp. 21-33. 

J. Fisher, L. R. Ingersoll and H. Vivian, Recent Geothermal Measurements in 
the Michigan Copper District, A.I.M.E. Trans. 1934, pp. 528-36. 

A. C. Lane, Discussion of prior paper, A.I.M.E. Trans., 1934, pp. 536-45. 

G. P. Wollard, Trans. Amer. Geophysical Union, 17th Annual Meeting, 1936, 
Pp. 63-74. 

K. C. Heald, Amer. Petroleum Inst. Bulletin, No. 205, 1930. 
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of the various strata comprising that portion of the subsurface in- 
cluded in the measurements. The subsurface current distribution may 
be studied by either magnetic or potential methods. The field pro- 
cedure when using the magnetic method consists in setting up a spe- 
cial magnetometer at a known position on the line connecting the 
two energizing electrodes, preferably midway between them.” A series 
of current pulses are then passed through the ground and readings 
made of the magnetic field as the position of the magnetometer is 
varied or the energizing electrode distance is progressively increased. 

The field procedure for the potential method employs auxiliary 
electrodes for making contact with the surface of the earth. Measure- 








Fic. 4. Method for evaluating near surface effects on overlapping traverse lines. 


ments are made of the potential created between these electrodes by 
a series of current pulses as the distance between the two current elec- 
trodes is gradually increased. 

The choice of electrode spacing and onfiguration is governed by the 
local conditions and the desired depth of penetration. Generally, for 
the continous profiling system now employed, one current electrode 
and two potential electrodes are maintained in a fixed position during 
one series of measurements. The electrodes are usually placed along 
the traverse line, with the potential electrodes positioned at say one 
and four units from the stationary current electrode. The moving 
current electrode may then be started at a distance of slightly more 
than four units, point A, Fig. 4, and continuous measurements made 
as the electrode moves outward at a uniform speed, to a point B, to 
a distance of seven or more units from the stationary power electrode. 
The unit length depends upon the desired depth of penetration and 
the relative conductivities of the strata in an area. The data recorded 


% J. J. Jakosky, U.S. Pat. No. 1,906,271, Method and Apparatus for Determin- 
ing Underground Structure, issued May 2, 1933. 
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during this continuous movement of the electrode includes the ratio 
of potential vs. current. Upon completion of the run, the entire elec- 
trode configuration is moved forward along the traverse line for a dis- 
tance of about 500 feet more more, and the mobile electrode now re- 
turns and travels from point C to point D, while continuous record- 
ing is made of the potential-current ratios. Upon completion of this 
run, the entire configuration is again moved forward along the trav- 
erse line for the distance of 500 feet and the procedure repeated. 
Each of these runs is termed a “station.’? Two curves, CR-71 and 
CR-72, obtained in this manner, are shown in Fig. 4. This overlap 
of readings allows a continuous recording of the subsurface effects 
at the desired depths of current penetration. 


INTERPRETIVE TECHNIQUE 


On the potential/current ratio curves obtained in this manner 
characteristic near-surface effects will occur at the same point on the 
traverse. The initial step in the interpretation process therefore is to 
match or “correlate’”’ the curves at their relative traverse locations. 
The effects caused by near-surface or surface inhomogeneities will be 
present on all of the overlapping curves, although modified to a cer- 
tain extent depending upon the effective depth of current flow. Gen- 
erally, these shallow effects are immediately apparent because of their 
abruptness and short horizontal extent. Oftentimes, however, near- 
surface effects persist over a considerable distance (as between 2950’ 
to 3400’ on CR-71 and 3550’ to 4000’ on CR-72), and unless elimi- 
nated from the data may be confused with the anomalies caused by 
structural changes The probable true curve, after correcting for these 
surface effects, is shown by the dotted lines. 

In Fig. 5 is shown the original recorded field curve, A, with its 
corrections for surface effects. The theoretical potential drop ratio 
curve C is now plotted, and a third curve, called an electrical-log, is 
obtained showing anomalies existing between the curve A and the 
theoretical curve C The quantitative values for the corrected curve 
A, and this electrical-log or anomaly curve, are used for determining 
the structural conditions along the traverse line On the shallow part 
of the log, the curve trends change rapidly, usually within a few hun- 
dred feet of movement of the electrode. For the deeper portions of the 
log the trend changes become more gradual and extend over many 
hundreds or thousands of feet of electrode movement. 

Interpretation, in terms of subsurface geology, is accomplished by 
one or a combination of any of three procedures: (1) the curves ob- 
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tained at the different stations are correlated in a similar manner as 
the conventional resistivity logs are correlated between wells,”® (2) an 
empirical index log?’ for the area is developed and used for carrying 
corresponding inflection points from one curve to another, or (3) 
theoretical two- or three-layer anomaly curves are calculated, and 





Fic. 6. Method of correlating ‘electrical Logs.” 


matched against the field anomaly curves. In this case, the anomaly 
curves are obtained by plotting the difference between the potential 


26 C. and M. Schlumberger and E. G. Leonardon, Electrical Coring; a Method of 
Determining Bottom Hole Data by Electrical Measurements, Trans. A.I.M.E. Vol. 
110, 1934, PP. 237-272. 

27 J. J. Jakosky and C. H. Wilson, Geophysical Examination of Meteor Crater. 
Arizona, Trans. A.I.M.E. Geophysical Prospecting, Volume, 1932. 
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drop for a uniform, isotropic medium and the potential drop for a 
two- or three-layer problem having relative equivalent conductivities 
of the area under consideration This latter procedure is effective 
chiefly when the stratigraphic section may be grouped into simple 
components, as for instance the series of red-beds and anhydrites 
(having a fairly large conductivity) which overlay the more resistant 
limestones in the Permian Basin areas of New Mexico and Texas. 

The geoelectrical logs show primarily the electrolytic changes 
which occur from one material to another, as the depth of investiga- 
tion is varied. These subsurface changes if of sufficient vertical ex- 
tent and magnitude, introduce characteristic changes or trends in the 
electrical log, and during the interpretative process one or more of 
these electrical changes are designated as electrical markers or hori- 
zons. The corresponding inflection points on two such logs are shown 
in Fig. 6, and illustrate a simple method of correlation which may be 
employed where good continuity of beds exists throughout an area. 
Since the characteristics of the electrolyte in a particular stratum are 
determined by the soluble salts within that stratum, the changes in 
electrolytic properties usually are in conformity with the lithology. 
An exception occurs in faulted areas or extremely lenticular areas, or 
where ascending or descending solutions traverse the beds. This cross- 
bedding flow of electrolytes is particularly pronounced in the near- 
surface layers, where they exert a great effect upon the measurements. 

The electrical markers are plotted as horizons on cross-sections 
along traverse lines, or as contours showing relative “strength” of 
the anomaly for a given electrode separation. In some areas where 
good well control and geological logs are available, the probable depth 
of a major marker can often be estimated. Oftentimes, however, the 
use of absolute depth measurements is subject to some error. It is 
preferable to express the electrical results in terms of relative values, 
and in much the same manner as is employed in magnetic and gravi- 
tational work where relative anomalies, and not actual depths below 
the surface, are utilized. 

APPLICATIONS 


The use of this electrical method has developed three interesting 
separate but associated fields of application: (1) Detailed structural 
mapping; (2) Reconnaissance structural mapping; (3) Fault location 
work. The field of detailed structural mapping has already been dis- 
cussed briefly under the foregoing headings of Field Technique and 
Interpretive Technique. 
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RAPID RECONNAISSANCE 


An important application of this continuous profiling method is its 
use for rapid reconnaissance work. Measurements of this type have 
been made over various areas, and decidedly interesting results ob- 
tained. The work is conducted at a speed considerably faster than 
seismic profiling under comparable surface terrain, and readings are 
made at depths from 2000 to 5000 feet, along traverse lines extending 
across the area being studied. The results of three such traverse lines 
across a structure in the San Joaquin Valley of California are shown in 
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Fic. 7. Continuous profiling anomalies across anticlinal structure. 


Fig. 7.28 These electrical gradients across an area give a good indicative 
picture of subsurface structure. The current factor or ratio over a 
structural “high” is usually of smaller magnitude than it is over a 
structural “low.” In other words, structural highs usually show up 
as ‘“‘resistivity”’ lows, while synclines and structural lows may show 
up as “resistivity” highs. This same phenomena has been obtained 
over structures in Kansas, New Mexico, Texas, and Oklahoma. 

It is indicated that these changes are caused by the combined ef- 
fects of: (1) changes in lithology and associated electrical properties 
versus depth; (2) anisotrophy (caused by changes in orientation and 


28 J. J. Jakosky and H. K. Armstrong, Geoelectric Exploration in the Tejon Ranch 
Area, California. Bulletin of the American Association of Petroleum Geologists, vol. 


20 (1936), No. 11, p..1518. 
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angle of current penetration), and (3) variations in electrical proper- 
ties with temperature of the subsurface. The last effect has received 
no special consideration in the literature, probably due to the fact 
that prior electrical measurements have not been made to sufficient 
depths to make temperature variations an important factor which 
must be evaluated in interpretation of the data. Changes of tempera- 


1 Doorey Na7 Eoor County New Mexico 

2 Kenn Dooce] Laver. Hi. Westwortiano Ca.Pa. 
3 Taospen Pann No. S Onranoma County, Orica. 

4 Jonsson No.2 Teretare, Louisiana 

5. Ness Noll Los Anceces County, Cauironma, 

6. Jownson No 1 Bouroer County, Coronaco. 

7 Berry No.l Kean County, Cacironna. 


8 Lancers Vater Nol Kuamarn County, Onecon 
9 Homesecners No.10 Tererarc, Louisiana, 
10 Homescencas No 1A Terctare, Lousiana 
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Fic. 7A. Temperature-depth relationships in typical oil wells. 


ture with depth for typical oil wells are shown in Fig. 7A (partly 
after Van Ostrand.) 

This reconnaissance type of traverse has proven of considerable 
value in preliminary evaluation of an area. Electrical changes of im- 
portance indicate that the area may be studied advantageously in 
more detail. The combined use of this type of reconnaissance, traverse 
mapping, together with the detailed geoelectrical log correlations, al- 
lows an area to be explored very economically and with good detail. 
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This technique has opened up a very important field of application 
for this continuous profiling electrical work. 


FAULT LOCATION AND MAPPING 


The field technique of locating and mapping faults is slightly dif- 
ferent from structure mapping, since the lateral changes are of major 
importance rather than the vertical depth changes. The fault location 
is determined by a persistence of shallow or near-surface breaks on 
the various field curves. A simple and ideal fault zone anomaly is 
illustrated in Fig. 8, showing the fault anomaly obtained in a South- 





Fic. 8. Ideal fault zone anomaly. 


ern California coastal area investigation near Huntington Beach, Cali- 
fornia. In this case, the presence of the fault is shown by two effects 
on the electrical measurements; (1) a clean-cut anomaly caused by the 
better conductivity of the fault zone, and (2) a break or shift in the 
regional electrical gradient. In this area, the subsurface becomes less 
resistant with depth, and the upthrow side of the fault has a lower 
current factor than the downthrow side. 

In many cases, as for instance in certain California areas, the 
determination and delineation of faults is the most important require- 
ment of structural exploration. The work can therefore be restricted 
to this phase alone. However, in many cases the fault work can be 
advantageously combined with either reconnaissance or detailed 
structural work. 

PERSONNEL AND FIELD EQUIPMENT 


The personnel required for this continuous recording work com- 
prises eight to ten men, which includes the Party Chief and two 
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surveyors. Since the measurements are confined to the traverse line 
itself damage to property is kept at a minimum. In cultivated areas 
the measurements can usually be made along the side of the road, 
providing metallic pipelines are not present to distort the electrical 
potentials at the surface of the ground. 

The power supply is obtained from generators mounted in a 13- 
ton enclosed body truck, and geared through power take-offs to the 
truck engine. The necessary control panels and auxiliary equipment 





Fic. 9. Stationary electrodes and wire reel. 


are mounted in the truck, together with the continuous recording 
potential ratio equipment. An auxiliary commutator and resistor sys- 
tem is geared to the main drive shaft of the generators, for controlling 
the frequency and characteristics of the ‘‘pulses” of current passed 
into the ground. A telephone and amplifying system is provided for 
communication between the truck, operators and the line men. 

The stationary current electrode consists of one or more steel rods 
driven into the ground. The two stationary potential electrodes are 
of the non-polarizing type. These three stationary electrodes are all 
connected to the instrument truck by means of special rubber insu- 
lated wires. Small two-wheeled reel trucks, carrying 8500 feet of the 
wire, together with the field telephone and necessary test equipment, 
are used for these connections. Fig. 9 is a view taken during the mov- 
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ing of a station and shows the steel electrodes, reel, and wire, together 
with the cabinet containing the reel apparatus. 

The moving electrode?® comprises a one-ton heavy duty truck 
equipped with special low-gear ratios. A large reel holding about 
20,000 feet of heavy rubber insulated wire is mounted on the truck, 
as shown in Fig. 10. On the top of the reel is mounted a carriage sup- 
porting a measuring sheave wheel and wire spooling device. The meas- 
uring sheave is connected to a relay signalling system, mounted in the 
cab of the truck, for automatically transmitting to the recording 





Fic. 10. Mobile electrode for continuous profiling system. 


truck the exact footage traversed by this mobile electrode truck. This 
footage, in intervals of 10 feet, is recorded on the chart simultaneously 
with the potential record. In distances of 5000 feet, the measuring 
reel will check surveyed distances within 10 to 20 feet. 

The two rear pneumatic tires of the truck are replaced by special 
duraluminum “tractor” wheels to provide electrical contact with the 
ground. A close-up view of one of the contact wheels is shown in Fig. 
11. As will be seen, this wheel contains an 8” fin which extends out 
beyond the wheel proper, for cutting into the ground to break through 


29 J. J. Jakosky, Method and Apparatus for Electrical canal of the Sub- 
surface, U. S. Patent 2,105,247, Jan. 11, 1938. 
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the dry surface layer. Usually sufficient moisture is present at depths 
of about six inches below the top of the ground to provide proper 
electrical contact with the large extended surface of the wheel. The 
cylindrical portion of the wheel is of approximately the same diameter 
as the original rubber tire. 

The mobile truck is provided with a telephone system for con- 
tinuous communication with the recorder operator. 

One or two additional light trucks are provided for the surveyors 
and linemen, making a total of three or four trucks for the complete 
field equipment, depending on the type of survey being conducted. 





Fic. 11. Contact wheels for mobile electrode. 


Extra hand reels, of the type shown in Fig. 9, together with the 
necessary electrodes, hammers, etc., are provided to facilitate tempo- 
ratory recording in steps or intervals when inaccessible places are en- 
countered where the mobile truck electrode cannot operate. It has 
been necessary to resort to the hand electrodes only a surprisingly 
few times. The relative speeds of the two systems are of economic 
interest. With the hand reels and over easily traversed ground it re- 
quires from 3 to 4 hours to read a 5000-foot section of traverse line, 
with electrodes being driven at every 20-foot interval for making con- 
tact with the ground. With the continuous recording system employ- 
ing the mobile electrode truck much more accurate readings may be 
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made over the same terrain in a total period of twenty minutes or 
less. The increased accuracy obtained by use of the mobile electrode 
is due partially to the better control of the time-current factor than 
is possible with an intermittent system of measurements. The chief 
increase in accuracy, however, is due to the closer station spacing 
which may be employed. The mobile electrode system of measure- 
ment requires about one-twelfth the reading time of the intermittant 
electrode system. With the mobile electrode it is therefore economi- 
cally feasible to overlap the measurements at smaller intervals and 
thereby eliminate errors in correlation due to changing of section. 


SUMMARY 


The increased interest in the development and use of electrical 
methods for oil exploration is shown by the increasing number of 
organizations engaging in research as well as field application. The 
electrical methods are capable of supplying subsurface information 
which is supplemental to other geophysical pictures. In some cases 
the method described in this paper is yielding satisfactory results in 
areas where other geopbysical methods have failed to give inter- 
pretable data. 

Development of the method for continuous profiling described in 
this paper has given an impetus to the use of the electrical method, 
chiefly because of the more accurate field data now obtainable and 
the greatly decreased time required for the work. Economically, the 
method can be applied at a cost considerably less than for seismic 
work, and approaches the relatively lower cédsts of the gravitational 
and magnetic work. 

In resolving power, as regards definiteness of data obtainable 
under average conditions, this method probably lies somewhere be- 
tween the reflection seismic method and the gravitational and mag- 
netic methods. Such a classification of the geophysical methods is of 
course subject to criticism since each of these methods will always 
have areas which are uniquely favorable or unfavorable for that par- 
ticular method. This classification is ventured merely as a guide, 
and is based on the writer’s observations of comparative results ob- 
tained in areas where different methods have been applied. 

A brief summary of our commercial activities may be made by 
stating that the annual summary, as of December, 1937, showed that 
a total area of over 10,000,000 acres had been covered in detailed sub- 
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surface mapping. In addition, more than 1,500,000 feet of electrical 
traverse line was run for the location and mapping of fault zones. 
The latter work has been conducted primarily in California areas, 
with some work adjacent to the Balcones Fault zone in Texas. A major 
portion of the subsurface structural mapping has been done in the 
Mid-Continent areas, with special reference to New Mexico and 
Texas. 











REVIEW 


Ground Water, C. F. Tolman, McGraw-Hill, New York, 1937, 593 pp., 175 figs. $6.00. 


Ground water is of general interest and of the utmost importance. Water wells 
have been used for several thousand years. The Bible tells of Abraham and Isaac dig- 
ging successful water wells. However, there has been considerable mystery connected 
with ground-water occurrence and movement. Even today the subject is connected with 
much popular superstition and misinformation. As an example, consider the forked 
water witch stick which is so commonly used to find hidden water streams. 

The science of ground-water hydrology is relatively new, having been developed 
mostly during the last 40 or 50 years. Ground Water by Tolman is the first general 
text on the subject in English and is the outgrowth of a lecture course on ground-water 
geology given at Stanford University. The author has been engaged as a consulting 
geologist specializing in water problems for the last thirty-five years. 

The book is well written and profusly illustrated. References to pertinent literature 
are particularly complete and should be helpful to anyone making a specialized study 
of water problems. The author presents a clear picture of the subject with detailed 
technical discussion of such subjects as porosity, percolation, permeability and ground- 
water inventory. 

In addition to the chapters which discuss these technical subjects, there is so much 
of general interest that this book will be of value to many readers without geological, 
or engineering experience. 

The second chapter presents a complete résumé of the subject of origin, occurrence 
and movement of subsurface water. The examples of ground-water litigation are of 
particular interest. 

Influent seepage and water spreading is the subject of Chapter VII. Water spread- 
ing is a means of water conservation and flood control. The flood water is stored tem- 
poraily behind dams and then fed into subsurface storage through intermittent stream 
beds, alluvial cones or wells. This method is being used extensively in Southern Cali- 
fornia. 

Following the discussion of the water table in Chapter IX, there is a résumé of the 
geophysical methods used in the study of ground water. 

It is quite apparent that, to date, these methods are of very limited value to the 
ground-water geologist. 

Geophysical methods are discussed by J. J. Jakosky and C. A. Heiland. Jakosky 
gives a brief outline of the resistivity method of determining the depth to the water 
table, and Heiland’s contribution covering 24 pages is entitled, ‘Prospecting for Water 
by Geophysical Methods.” 

The geophysical methods used are limited by cost and effectiveness of the results 
obtained, the most practical ones being the seismic refraction and the resistivity 
methods. 

The seismic refraction method is very effective in areas of glacial drift or in deter- 
mining the depth to bed rock in any area where it is buried below a layer of alluvial 
material. It is also possible to determine the water table directly by refraction in some 
areas. 

The most commonly used method in ground-water studies has been the electric 
resistivity method. It is most effective in determining the depth to the water table. In 
discussing this method, Heiland has plotted a set of typical resistivity curves for cer- 
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tain idealized sections in the two layers, intermediate and three layer problems. All 
of the types shown are smooth curves and it would seem that much experience is neces- 
sary to guess the approximate depth to the water table. 

Heiland dismisses the method of electrical well logging by Schlumberger with a 
very few words. Since this method should be just as valuable in the completion of deep 
water wells as it is in the completion of oil wells, it would seem that more space on this 
subject would be justifiable. 

Water in fractures and solution openings is variable and erratic in occurrence and 
amount. The amount of water in fractured impervious rocks depends upon the extent 
of the fracture system. Generally, it is an unimportant source of ground water but in 
the Columbia River Plateau fractured lava produces prolific springs. Solution openings 
in limestone are also the source of large springs. 

Confinement of water in aquifers is due solely to geologic structures and hydrologic 
properties of water-conducting and water-confining formations. The chapter on con- 
fined water has a complete discussion of the hydraulic principles of confined percola- 
tion. 

Tolman classifies artesian aquifers as: 1. Systems with a high initial artesian pres- 
sure in fairly compact sedimentary rocks, 2. Artesian systems with moderate initial 
head and, 3. Artesian systems in lenticular sand bodies completely surrounded by soft 
clay and silt. 

In discussing wells, formulas are derived to show production and factors determin- 
ing the quantity of flow. Various drilling and well completion methods are discussed. 

Tolman classifies springs according to the type of formation from which they issue. 
Each type of spring is illustrated by a structure section. 

In discussing ground-water provinces of the United States, Tolman classifies them 
first according to the surface material and second according to the bed-rock formation. 
The first classification is as follows: 1. Area of glacial material, 2. Sheet of Tertiary allu- 
vium mostly on plains east of the Rocky Mountains, 3. Areas of western states under- 
lain by Quaternary valley fill. 4. Western states with superficial lava formations. 

The ground-water provinces classified according to the bed-rock formations are: 
1. Intrusive igneous rocks, mostly mountain area, 2. Paleozoic sedimentary formations, 
3. Cretaceous of north central plains, 4. Cretaceous and Tertiary formation of the 
Atlantic and Gulf Coast, and 5. Eocene and late Tertiary deposits of the Great Plains. 

In addition of the general classification of the ground-water provinces in the 
United States, the author gives a more detailed discussion of the occurrence of ground- 
water in California. 

In conclusion, R. G. Sohlberg gives a general review of the Hawaiian ground 
water provinces. It is a fine illustration of a specialized water problem solved by de- 
tailed geological study. 

Ground Water is a book which should have a wide appeal. Its technical treatment 
of the principles will make it valuable to the engineer and geologist, and, in addition, 
as has been mentioned, it has much of general interest for the layman in the subject 
of ground water. 

GLENN E. BADER 














IN MEMORIAM: JOHN F. RIDDLE 


John F. Riddle, an active member of the Society of Exploration 
Geophysicists, died on August 20, 1937 in Venezuela and was buried 
in Crown Hill Cemetery, Denver, Colorado on September 18, 1937. 
At the time of his death, he was an employee of the Humble Oil and 
Refining Company. He is survived by his parents. 





156 

















THE SOCIETY ROUND TABLE 
MEMBERSHIP APPLICATIONS APPROVED FOR PUBLICATION 


The Executive Committee have approved for publication the names of the fol- 
lowing candidates for membership in the Society. This publication does not constitute 
an election, but places the names before the memberhip at large. If any member has 
information bearing on the qualification of these nominees, he should send it to the 
Secretary within thirty days. (Names of sponsors are placed beneath the name of each 
nominee.) 


ACTIVE 
Hal Robert Adams 
Roland F. Beers, J. E. Jett, W. W. Newton 
Emory Glenn Albright 


E. L. DeLoach, J. H. Pernell, R. Williams 
Owen Wm. Anderson 

A. L. Selig, R. Clair Coffin, Dean Walling 
Robert Lewis Augenthaler 

K. H. Crandall, H. B. Peacock, Kenneth Burg 
Robert Leslie Bodor 

W. W. Newton, Roland F. Beers, Thos. R. Shugart 
William Norfolk Booth 

Boris M. Jurin, Sibyl M. Rock, Frank Rieber 
Georg Brinckmeier 

Walter Kauenhowen, C. A. Heiland, (Art. III C-I of the Constitution) 
George Watson Carr 

R. L. McLaren, J. O. Hoard, A. D. Kerns 
Raymond Thomas Cloud 

Paul F. Hawley, Joseph A. Sharpe, Henry Salvatori 
Jack Maxwell Desmond 

H. Salvatori, J. A. Sharpe, C. J. Donnally 
Karl Dyk 

Dean Walling, Henry Salvatori, Sidon Harris 
Vincent Emanuel 

Joseph A. Sharpe, Paul F. Hawley, Henry Salvatori 
Raymond Joseph Gossage 

(Art. III-C-I of the Constitution) 
Paul Voorhis Henderson 

Roland F. Beers, J. E. Jett, W. W. Newton 
William Bryan Hogg 

G. C. McGhee, J. A. Gillin, C. G. McBurney 
William Ponder Holloway 

C. H. McAlister, W. D. Gill, T. L. Allen 
Frank Henry Kennedy, Jr. 

K. E. Lewis, Roland F. Beers, J. E. Jett 
Earl William Markwardt 

Roland F. Beers, W. W. Newton, B. M. Bench 
Henry Dupree McGrady 

J. A. Sharpe, Henry Salvatori, N. A. Haskell 


157 








158 THE SOCIETY ROUND TABLE 


DeForrest Metcalf, Jr. 

O. D. Brooks, Decatur O’Brien, H. G. Patrick 
Lawrence Kendall Morris 

H. Washburn, C. G. Morgan, H. Hoover, Jr. 
Lewis Morton Mott-Smith 

G. H. Westby, M. Mott-Smith, F. M. Kannenstine 
Henry Hart Pratley 

H. Washburn, H. Hoover, Jr., C. G. Morgan 
Dan Morris Sawtelle 

K. E. Lewis, Roland F. Beers, J. E. Jett 
Lemoine Oscar Seaman 

C. H. McAlister, W. D. Gill, T. L. Allen 
George Elmer Seiler 

Roland F. Beers, J. E. Jett, W. W. Newton 
James Clyde Skinner 

E. Roane Melton, F. F. Reynolds, John D. Marr 
Edward James Smith, Jr. 

T. L. Allen, C. T. MacAllister, W. D. Gill 
Barthold William Sorge 

J. A. Sharpe, Paul F. Hawley, C. H. Johnson 
Robert Anderson Watson 

Edward L. DeLoach, J. H. Pernell, Richard Williams 
Marcus Kay Witt, Jr. 

W. M. Rust, Jr., Gifford E. White, M. A. Arthur 


ASSOCIATE 

Jack Kenneth Dahlberg 

M. M. Slotnick, H. G. Patrick, H. W. Merritt 
Carson Ledlie Doss 

Roland F. Beers, B. M. Bench, W. W. Newton 
Alexis Martin Eichelberger 

B. Gutenberg, H. Benioff, M. M. Slotnick 
John Humphrey Hodgson 

Geo. B. Somers, Henry C. Cortes, J. P. Minton 
Robert William Jackson 

Barney Fisher, Eugene McDermott, J. E. Jonsson 
Kenneth Kingman Kennedy 

S. Zimmerman, Maurice Ewing, Robert S. Dahlberg, Jr. 
Jack Mason 

H. Salvatori, J. A. Sharpe, C. J. Donnally 
Jack D. Mullinax . 

C. A. Heiland, Dart Wantland, W. S. Levings 
Douglas Howard Smith 

E. A. Eckhardt, B. Perkins, Jr., C. H. Dresbach 
Eldredge Morris Tabor 

W. W. Newton, B. M. Bench, Roland F. Beers 
Robert Jackson Wells 

J. A. Gillin, G. C. McGhee, C. G. McBurney 











8: 
:00 A.M. Registraion 

:o00 A.M. Technical Session. University Room 
:15 P.M. Luncheon. Blue Room 

‘oo P.M. Technical Session. University Room 


* 


n> WD 


~ 


PROGRAM OF THE ANNUAL MEETING OF THE 
SOCIETY OF EXPLORATION GEOPHYSICISTS 


MARCH 15-17, 1938 


RoosEVELT HoTEt, NEW ORLEANS, LA. 


TUESDAY, MARCH 15 


00 A.M. Meeting of Nominating and Executive Committees 


WEDNESDAY, MARCH 16 


:00 A.M. Business Meeting. Announcement of Election. University Room 
:30 A.M. Technical Session. University Room 
:00 P.M. Technical Session. University Room 


THURSDAY, MARCH 17 


:00 A.M. Joint Technical Session with American Association of Petroleum Geolo- 


gists. Grand Ball Room 


PAPERS 
Tuesday, 10 A.M. 


Technical Session—J. C. Karcher, presiding—University Room 


. Electrical Prospecting with Non-Sinusoidal Alternating Currents—S. S. West 

. Continuous Electrical Profiling—J. J. Jakosky 

. Transients in Electrical Prospecting—Paul F. Hawley 

. Depth Factors and Resolving Power of Electrical Mesaurements—H. M. Evjen 
. Determination of Potential Productivity of Oil-Bearing Formations by Resistivity 


Measurements—G. H. Murray with M. Martin and W. J. Gillingham 


. The Steady State Response of Electromagnetically-damped Dynamic and Reluc- 


tance Type Seismometers—Daniel Silverman 


Tuesday, 2 P.M. 


Technical Session—E. E. Rosaire, presiding—University Room 


. A Problem is Seismic Depth Calculation—Roland F. Beers 


2. The Energy and Amplitude of Reflected Seismic Waves—Raymond T. Cloud 
3. Velocity-Depth Determinations from Velocity Profiles—Cecil H. Green, with 


T. N. Walsh and Barney Fisher 


. On Seismic Paths and Velocity-Time Relations—Morton Mott-Smith- 
ts. 
T6. 


. Adjustment of Miscolosures—Alexander Wolf and Lawrence Cowles 


Three-Dimensional Reflection Control—S. M. Rock 
Steady State Polar Sensitivity Curves—Curtis H. Johnson 


159 











160 THE SOCIETY ROUND TABLE 


Wednesday, 9 A.M. 


Technical Session—L. W. Blau, presiding—University Room 
1. Vertical Gradient of Gravity—Maurice Ewing and A. J. Hoskinson 
2. Gravity Difference Benchmarks for Gravimeter Calibration and Control Thereof 
—E. A. Eckhardt 
3. An Introduction to the Second Derivative Contour Method of Interpreting Tor- 
sion Balance Data—H. Klaus 
14. Chart for Dip Computations—Reed Lawlor 
5. A Reaction Type Steady State Shaking Table—Dunford Kelly 
6. Further Development in Laboratory Orientation of Well Cores by Their Magnetic 
Polarity—E. D. Lynton 
7- Maximum Electromagnetic Damping of a Reluctance Seismometer—Neil R. 
Sparks and Paul F. Hawley 
8. Present Status and Future Aspects of Geophysical Prospecting in Poland—Z. A. 


Mitera 
Wednesday, 2 P.M. 


Technical Session—E. McDermott, presiding—University Room 
1. A Seismic Survey in the South of England—Geo. C. McGhee 
tz. The Reflection of Longitudinal Wave Pulses from Plane Parallel Plates—Morris 
Muskat 
3. Shallow Stratigraphic Variations over Gulf Coast Structures—E. E. Rosaire 
14. The Status of Geophysics in a Department of Geology—M. King Hubbert 
5. Ocean Bottom Core Apparatus and the Results from Some Cores—C. S. Piggott 


Thursday, 9 A.M. 


Joint Technical Session—Grand Ball Room 
Discoveries—Alexander Deussen 
tReview of the Relation Between Physics and Geology—J. C. Karcher 


*Papers so marked were read by title. 
tPapers so marked were read by others than the authors. 
tAddress of Retiring President of the Society. 


RESULTS OF ELECTION 


The results of the election of officers were as follows: 
President: F. M. Kannenstine 
Vice-Pres.: W. T. Born 
Sec.-Treas.: H. B. Peacock 
Editor: M. M. Slotnick 


The following members were registered at the Annual Meeting of the Society held 
March 15-17, 1938, at the Roosevelt Hotel, New Orleans, Louisiana: 


J. L. Adler, M.A. Arthur, H. E. Banta, D. C. Barton, A. F. Beck, H. C. Becker, 
R. F. Beers, S. Bilinsky, F. L. Bishop, L. W. Blau, E. E. Blondeau, M. A. Boccalery, 
J. W. Bolinger, F. W. Borman, W. T. Born, J. A. Brooks, Jr., O. D. Brooks, A. B. 
Bryan, K. E. Burg, A. C. Burnett, L. A. Burrows, D. P. Carlton, O. C. Clifford, Jr., 


# 
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R. C. Coffin, L. G. Cowles, J. H. Crowell, E. L. De Loach, J. B. Eby, E. A. Eckhardt, 
L. G. Ellis, Elmer W. Ellsworth, Maurice Ewing, L. Y. Faust, J. H. Ferrick, J. W. 
Flude, D. H. Gardner, G. A. Garrett, W. M. Garrett, W. H. Gayman, R. W. Gemmer, 
H. A. Gibbon, John Gillin, Andrew Gilmour, H. V. Goss, C. H. Green, J. E. Gunn, 
W. B. Hamilton, C. P. Harkins, T. I. Harkins, R. B. Harkness, Sidon Harris, N. A. 
Haskell, P. F. Hawley, C. J. Haynes, A. J. Hibbler, H. F. Hieatt, J. O. Hoard, H. H. 
Holtzman, P. M. Honnell, J. W. Horn, C. E. Houston, L. G. Howell, Bela Hubbard, 
N. C. Hunsaker, A. I. Innes, J. S. Ivy, J. J. Jakosky, J. G. Jerome, C. K. Jordan, F. M. 
Kannenstine, G. F. Kaufmann, H. Klaus, P. W. Klipsch, J. E. LaRue, W. W. LaRue, 
W. B. Lee, Jr., R. A. LeMay, O. C. Lester, Jr., K. E. Lewis, P. S. Lewis, J. P. Lukens, 
R. T. Lyons, J. D. Marr, C. G. McBurney, M. M. McCaleb, R. L. McCartney, M. D. 
McCarty, E. V. McCollum, G. C. McGhee, J. B. Meitzen, B. S. Melton, E. R. Melton, 
H. W. Merritt, Z. A. Mitera, G. P. Montgomery, Jr., A. Moore, Jr., F. O. Mortlock, 
M. Mott-Smith, W. D. Neff, C. J. Newby, W. W. Newton, W. J. Osterhoudt, L. B. 
Payne, H. B. Peacock, R. C. Peck, J. H. Pernell, J. C. Pollard, R. H. Ray, Keating 
Ransone, F. F. Reynolds, J. W. Richardson, C. G. Rosaire, E. E. Rosaire, W. M. Rust, 
Jr., Henry Salvatori, W. G. Saville, L. A. Scholl, Jr., J. P. Schumacher, L. O. Seaman, 
Frank Searcy, W. A. Seyffert, D. C. Skeels, L. B. Slichter, M. M. Slotnick, A. L. Smith, 
F. A. Snell, G. B. Somers, G. W. Somers, Sam Sorrels, M. B. Spencer, K. K. Spooner, 
Louis Statham, W. E. Steele, Jr., G. Stubbe, O. F. Sundt, W. H. Taylor, J. W. Thomas, 
G. S. Thomas, B. S. Ulak, R. F. Van Cleave, I. A. L. Vazquez, G. E. Wagoner, Dean 
Walling, J. N. Walstrum, George Walton, H. W. Washburn, L. N. Waterfall, J. S. 
Watt, B. B. Weatherby, S. S. West, G. H. Westby, Richard Williams, J. H. Wilson, 
R. M. Wilson, B. O. Winkler, Alexander Wolf, R. D. Wyckoff. 


MINUTES OF BUSINESS MEETING HELD MARCH 16, 1938, AT 
ROOSEVELT HOTEL, NEW ORLEANS, LOUISIANA 


The meeting was called to order by Dr. J. C. Karcher, President. As no business 
meeting was held at the Mid-year Meeting in Houston, Texas, in November, 1937, 
there were no minutes to be read, and the Secretary’s financial report was called for 
instead. This was unanimously approved after reading. 

Election returns were then read, and the Preisdent announced the officers for 1938- 
1939 as follows: Preisdent, Dr. F. M. Kannenstine; Vice-President, Dr. W. T. Born; 
Secretary-Treasurer, Dr. H. B. Peacock; Editor, Dr. M. M. Slotnick. 

The President then brought up the matter of a Resolution offered at the March, 
1937, meeting by the Business Committee, but which had not been acted upon by the 
membership. This resolution, offering amendments to Sections B-2 and B-4 of the Con- 
stitution, was re-read, and unanimously approved by vote of those members present. 

There being no further business, on motion duly made, the meeting was ad- 
journed. 

M. E. STILES 
Secretary-Treasurer 








REPORT OF THE SECRETARY-TREASURER OF THE 
SOCIETY OF EXPLORATION GEOPHYSICISTS AT THE 
ANNUAL MEETING IN NEW ORLEANS, LA. 
MARCH 15, 1938 


The financial condition of the Society of Exploration Geophysicists as of March ro, 
1938, is shown by the following balance sheet: 





ASSETS* 

Cash in Bank 

Guardian Trust Co. (Checking acct.).................. $4,913.36 

National Bank of Tulsa (Savings)....................- 316.85 $5,230.21 
Accounts Receivable 

Ie aR Sint. 4, Che oe his tae Dies ; 610.95 

SOT SET TET ee ee sie 100.50 

is pkichknwak wan Lecaeipades tas 71.44 

Bl AGKMNICNS osha se Sin sdias, dsatnarey ste ok be Neha 51.90 

TOR GPUS ie ee nid dn ornate ratinnlons ta eae Bane (E8 322.50 

ER eer en En eee ee sivie (EGA4O7.00: 2.564.520 
Office Equipment 

iL cs). sb ow. 6 siding helo Gowla he nen mR MeUa e eaoes 19.50 

$7,814.00 
LIABILITIES 

Accounts Payable 

CTE) S eT es Re ee ae mE RE a tr Oe er er 23.10 
Surplus 

Balance December! st 1639. co:05 enndeiGueytne caters $3,781.01 

Excess of Income over Expense for 1938..............-. 4,009.89 $7,790.90 

$7,814.00 


* Assets shown do not include some 2200 copies of GEOPHYSICS stored with 
Banta, from 1937 editions; and stock of previous issues. 
The operating gain of $4,009.89 for 1938, to date, is detailed as follows: 


INCOME AND EXPENSE TO 
MARCH 10, 1938 





Income 
PS yl lis corti rash otic viel glo apenucion ciara cee eha tate $3,251.50 
i eed Couch has CA aOR KE ~The 500.50 
Saleior Back NUMDEIS. .... 0... 60. oe oa eee eed ee tas 179.70 
PUMA UAHA otro soet seo ack asics iat by Scouse ondattn gue udesvs/oce ee 382.50 
leis. eet ahaa neh waaige Peewee eR 59-29 $4,373.49 
Expense 
SCC ey cy eee asc t elet cei rasditn le. arare wiwamelarntoe@agPies 55.00 
Stationery & Office Supplies... .................66 wee 55.555 
ee ee ee 200.00 
Telephonei@ Velesraph .....0 <n... cence cecie wees es we 1.26 
OLE OT EE eT Te 51.54 
Miscellaneous Expense................ paes se. eae 25 363.60 
EO ee ee eee eee Terr rs yy $4,009.89 
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As of March 10, 1938, the Society had a surplus of $7,790.90. Its publications ex- 
pense of $3,347.45, as shown by the 1937 audit, was practically covered by the publica- 
tions income of $3,132.97, in spite of the fact that, on each of the four issues of GEO- 
PHYSICS in 1937, the size of the edition was nearly double that of the previous year. 
This increase in editions was deemed advisable because the edition of Vol. I, No. 1, 
1936, was exhausted early in 1937, and demand for other issues threatened to absorb 
the supply within a year or 18 months. Our investment in “‘Back Numbers” stored 
with Banta Publishing Company, is therefore now worth, at the regular charge of 
$3.00 a number, $9,570.00. 

Membership has increased very satisfactorily also, as shown below: 


Date Honorary Active Associate Total Increase 
Jan. 1, 1937 2 324 95 421 
Jan. 1, 1938 4 489 145 638 217 
March 10, 1938 4 510 158 672 251 


This increase in membership makes it even more imperative that some arrange- 
ment be made for a permament Secretary-Treasurer. The work of this Society is more 
than a part-time job, even in its present routine; and an organization of this size and 
importance surely deserves thefull attention of a capable Secretary-Treasurer, if it 
intends to preserve its entity as an independent Society. 

Respectfully submitted, 
M. E. STILES 
Secretary-Treasurer 
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T. L. Allen, 3909 W. 4th St., Fort Worth, Texas 
M. Alvarez, Jr., Pedro Baranda #11, Mexico City, D.F. 
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Janiero, Brazil, S.A. 
. W. Andrews, 2 56 Humble Bldg., Houston, Texas 
i. Antes, 2 56 Humble Bldg., Houston, Texas 
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. Benke, 929 S. Broadway, Los "Angeles, California 
. Bennett, 2011 Esperson Bldg., Houston, Texas 
ntz, Invalidenstrasse 44, Berlin, Germany 
. Bertram, 1932 Alta Vista, Houston, Texas 
. Berwick, Box 801, Tulsa, Oklahoma 
. Bevier, 1517 Shell Bldg., Houston, Texas 
iy Bishop, 1311 Republic Bank Bldg., Dallas, Texas 
. P. Black, Republic Production Co., Petroleum Bldg., Houston, Texas 
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. Bolinger, 256 Humble Bldg., Houston, Texas 

. Boos, 2011 Esperson Bldg., ‘Houston, "Texas 

. Borman, Box 2040, Tulsa, Oklahoma 

. Born, Box 2040, Tulsa, Oklahoma 

. Born, Box 2040, Tulsa, Oklahoma 
3. Boucher, 256 Humble Bldg., Houston, Texas 

. Bowman, 2342 Rice Blvd., Houston, Texas 

. Bowsky, 1932 W. 41st St., ’ Los Angeles, California 

. Bradbury, 8108 W. 4th St., Los Angeles, California 
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. Brooks, Jr., 256 Humble Bldg., Houston, Texas 
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Pee Brown, c/o Station KXYZ, Houston, Texas 

*K. A. Browning, 3120 Grand Ave., Dallas, Texas 

A. B. Bryan, Box 801, Tulsa, Oklahoma 

E. G. Brydon, 2235 Bartlett St., Houston, Texas 

K. E. Burg, 7815 Sycamore, New Orleans, Louisiana 

*A. C. Burnett, 3006 Gulf Bldg., Houston, Texas 

*J. H. Burney, 256 Humble Bldg., Houston, Texas 

B. B. Burroughs, Box 2061, San Antonio, Texas 

L. A. Burrows, t1o1 S. Clinton Ave., Wenonah, New Jersey 


Ee Burton, Box 2040 Tulsa, Oklahoma 

. D. Butler, Drawer 2038, Pittsburgh, Pennsylvania 

. W. Butler, 2212 Esperson Bldg., Houston, Texas 
Byers, 611 Esperson Bldg., Houston, Texas 
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. L. Caldwell, Drawer 2038, Pittsburgh, Pennsylvania 

. B. Campbell, Jr., 2011 Esperson Bldg., Houston, Texas 

. F. Campbell, 1506 Bonnie Brae, Houston, Texas 

. E. Carlson, 2011 Esperson Bldg., Houston, Texas 

. P. Carlton, 868 Humble Bldg., Houston, Texas 
.P. Carson, Drawer 2038, Pittsburgh, Pennsylvania 

_E. Carson, 2011 Esperson Bldg., Houston, Texas 

43 Carter, 1311 Republic Bank Bldg., Dallas, Texas 
. D. Cartwright, Jr., 1301 Esperson Bldg., Houston, Texas 

. Cash, Jr., Box 2332, Houston, Texas 
ede Caster, Arkansas Natural Gas Co., Shreveport, Louisiana 
LB, Cerveny, Drawer 2038, Pittsburgh, Pennsylvania 
V.E. Child, 929 S. Broadway, Los Angeles, California 

*N. J. Christie, 168 N. Hill Ave., Pasadena, California 

*F, L. Chubb, 1311 Republic Bank Bldg., Dallas, Texas 

C. L. Clark, 894 Commonwealth Ave., Venice, California 
*W.N. na 1%; Seismograph Division, Standard Oil Co. of Venezuela, Caripito, Vene- 

zuela, S.A. 

O. C. Clifford, Jr., 6107 Wakeforest, Houston, Texas 

R. Clare Coffin, 1312 E. 19th St., Tulsa, Oklahoma 

*R. B. Coit, 1311 Republic Bank Bldg., Dallas, Texas 

D. M. Collingwood, Box 2880, Dallas, Texas 
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W. H. Courtier, Phillips Petroleum Co., Geophysical Dept., Bartlesville, Oklahoma 
L. G. Cowles, 1406 Castle Court, Houston, Texas 

*C. B. Cox, Box 612, Lovington, New Mexico 

H. Cox, 1311 Republic Bank Bldg., Dallas, Texas 
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*J. M. Craddock, 317 Colquitt, Houston, Texas 

R. A. Crain, 2528 Creswell, Shreveport, Louisiana 

I. H. Cram, Pure Oil Co., Box 271, Tulsa, Oklahoma 

K. H. Crandall, 2349 Sunset Boulevard, Houston, Texas 

A. P. Crary, 2011 Esperson Bldg., Houston, Texas 
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